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List of abbreviations 
°C  degree Celsius 
ACL  γ-acryloyloxy-ε-caprolactone 
AcetCL γ-acetyloxy-ε-caprolactone 
AcrCL  γ-acryloyloxy-ε-caprolactone 
Al(OiPr)3 aluminium isopropoxide 
Am  ambrettolide 
AmE  ambrettolide epoxide 
aq.  aqueous 
BenzCL γ-benzoyloxy-ε-caprolactone 
BF3Et2O boron trifluoride etherate 
BHT  2,6-di-tert.butyl-4-methylphenol 
BSA  albumin from bovine serum 
Bu2Mg dibutyl magnesium 
c  crosslinked 
CALB  candida antarctica lipase B 
CDCl3  chloroform 
cEA  cyclic ester amide 
CH2Cl2 dichloromethane 
CL  ε-caprolactone 
d  duplet 
DMAc  N,N-dimethylacetamide 
DMF  N,N-dimethylformamide 
DMSO dimethylsulfoxide 
DRIE  deep reactive ion etching 
DSC   differential scanning calorimetry 
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MD  molecular dynamics 
MeOH  methanol 
MF  molar fraction 
MHz  megahertz 
mL  milliliter 
mm  millimeter 
Mn   number average molecular weight 
MPEG  poly(ehylene glycol)methyl ether 
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MPEO   poly(ehylene oxide)methyl ether 
Mw  weight average molecular weight 
N2  nitrogen 
Na2CO3 sodium carbonate 
Na2SO4 sodium sulphate 
NMR   nuclear magnetic resonance  
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RT  room temperature (21°C) 
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SEC  size exclusion chromatography 
SEM  scanning electron microscopy 
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Zn(Oct)2 zinc octanoate 
δ   chemical shift 
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Summary 
This thesis deals with the preparation of novel functional (co)polyesters and copolyester 
resins based on ε-caprolactone and functional ε-caprolactones as well as (co)polyesters based 
on ω-pentadecalactone and functional macrocyclic lactones or functional ε-caprolactones. The 
characteristics of these polyesters were evaluated with respect to their molecular weight, 
molecular weight distribution, composition, microstructure, and concentration of the 
functional groups. The degradation of polyester resins obtained via photo-crosslinking and via 
Michael addition was studied as a function of crosslink density. Microstructured materials 
with tunable degradation rate suitable for drug delivery carriers were prepared and 
characterized.  
All functional ε-caprolactones used in this thesis are γ-acyloxy-ε-caprolactones which were 
prepared in two steps starting from 4-hydroxy-cyclohexanone. In the first step acylation of the 
hydroxyl group occurs and in the second step ring enlargement by Baeyer-Villiger oxidation. 
If the reaction sequence is inverted rearrangement occurs in the Baeyer-Villiger oxidation of 
4-hydroxy-cyclohexanone leading to γ-hydroxyethyl-γ-butyrolactone. Using the first 
procedure γ-acetyloxy- (AcetCL), γ-benzoyloxy- (BenzCL), γ-acryloyloxy- (AcrCL), and γ-
methacryloyloxy-ε-caprolactone (McrCL) were prepared. These monomers and for 
comparison reasons ε-caprolactone and γ-methyl-ε-caprolactone were polymerized by means 
of chemical and enzymatic catalysis.  
The functional repeating units in copolyesters obtained from ε-caprolactone and γ-acyloxy-ε-
caprolactones change the crystallinity of the copolyester, in case of AcrCL and McrCL are 
used for the preparation of copolyester resins and the preparation of microstructured surfaces. 
It is expected that the rate of degradation of these polymers can be finely tuned by the nature 
of the acyl group and the concentration of the γ-acyloxy-ε-caprolactone repeating units. The 
expectation is based on the fact that the hydrolysis of the ester side chains or thermal 
Summary 
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treatment of the polymers releases the corresponding acid from the respective acyloxy side 
chain, which serves as a catalyst for further degradation (biotic acid generator).  
Copolymerization of ε-caprolactone with γ-acyloxy-ε-caprolactones was performed using 
chemical and enzymatic catalysis. All monomers, except AcetCL, undergo controlled ring-
opening polymerization using chemical catalysts such as aluminium isopropoxide under 
selected reaction conditions. AcetCL, however, rearranges to a large extent under all 
polymerization conditions to give γ-acetyloxyethyl-γ-butyrolactone. In the presence of an 
enzyme (Novozyme 435, Lipase B from Candida antarctica (CALB) immobilized on a 
macroporous resin) all γ-acyloxy-ε-caprolactones, except BenzCL, partly rearrange to result 
in the corresponding γ-acyloxy-γ-butyrolactones, while ε-caprolactone (CL) and γ-methyl-ε-
caprolactone yield the corresponding polymers, the latter even in a stereoselective manner as 
reported earlier in the literature. This is the first time that rearrangement during 
polymerization was observed. A molecular dynamic study was performed with AcetCL and 
BenzCL as tetrahedral intermediates in the active-site of CALB to get information on the 
substrate recognition displayed by the enzyme. Based on the experimental results and the 
molecular dynamic studies a mechanism for the chemically and enzymatically catalyzed 
reactions of γ-acyloxy-ε-caprolactones was proposed.  
Novel biodegradable polyester resins were prepared via photo-crosslinking of functional 
polyesters obtained by copolymerization of CL with AcrCL and McrCL. Copolymers with 
different content of either acryloyloxy or methacryloyloxy functional groups were synthesized 
via ring-opening polymerization of γ-acyloyloxy-ε-caprolactones and CL using Al(OiPr)3 as 
catalyst and initiator. 2D- and 3D-micropatterning of the copolymers was performed via UV-
crosslinking of polymer films on a suitable substrate by UV replica moulding on both rigid 
and elastic masters, showing the processability of these novel functional polyesters and their 
potential as substrates for biomedical devices. Degradation experiments on the polyester 
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resins obtained via photo-crosslinking of methacryloyloxy and diamine-crosslinking of 
acryloyloxy pendant groups were performed. The presence of the functional groups affects the 
degradation rate of the copolymer: the degradation rate being faster with a higher degree of 
functionalization. 
Polyesters consisting of a poly(ε-caprolactone) backbone bearing pendant acryloyloxy and 
methacryloyloxy groups in different amounts were successfully used also in preparation of 
biodegradable microparticle drug carriers. Stable microparticles can be prepared via an 
oil/water emulsion-solvent evaporation technique if polymers with up to 8 % acryloyloxy 
groups are used. If higher amounts of pendant groups are present the emulsion solvent 
evaporation technique is combined with a simultaneous crosslinking procedure to confer 
stability to the particles. We were successful in obtaining crosslinked particles with two 
different methods: UV irradiation in the presence of a photoinitiator and Michael type 
addition with diamines. Encapsulation of a hydrophobic fluorescent dye and a hydrophilic 
protein, as model drugs, were performed and confirmed by optical microscopy and Raman 
spectroscopy. The presence of the functional groups allow not only for tunable degradability, 
but also for further processing (e.g. crosslinking) and (bio)functionalization, broadening the 
potential use of polycaprolactones in biomedical applications.  
Poly(pentadecalactone) (PPDL) is a polyester of high crystallinity, with a melting point 
around 95 °C. PPDL is nontoxic and although a polyester, shows no hydrolytic enzyme 
catalyzed degradation. This is ascribed to the high crystallinity and hydrophobicity of the 
materials.  
In order to enhance the degradability of PPDL copolymerization of PDL with γ-acyloyloxy-ε-
caprolactones monomers were performed via enzymatic catalysis. It is expected that by 
integration of functional pendant groups, as acid generators, along the PPDL backbone 
degradability can be tailored. It was observed that by using AcetCL and AcrCL as 
comonomers, no copolymers were obtained; the result of the copolymerization was PPDL and 
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rearranged AcetCL and AcrCL. Using McrCL and BenzCL as comonomers random 
copolyesters were obtained and no rearrangement was observed. Gas chromatographic 
analysis using chiral columns of non converted monomer during copolymerization of BenzCL 
and PDL revealed that one of the enantiomeric monomers is preferentially consumed. As a 
consequence optical active copolyester are obtained. Copolymerization of PDL with CL and 
BenzCL leads to nearly quantitative monomer conversion affording PDL based polyesters 
which are expected to show an enhanced degradation rate.  
Copolymerization of PDL with functional macrolactones represents another versatile and 
straightforward method to introduce functionalities along the PPDL backbone. 
Pentadecalactone based copolymers with C,C-double bonds, epoxide rings and amide 
functional groups in the backbone were obtained by copolymerizing PDL with ambrettolide, 
ambrettolide epoxide and a cyclic ester amide. It is expected that by reducing the crystallinity 
of the copolymers an enhanced degradation rate will be observed. 
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Zusammenfassung 
Die vorliegende Arbeit beschäftigt sich mit der Darstellung neuartiger funktioneller 
Copolyester und Copolyester-Harzen, basierend auf ε-Caprolacton, funktionalisierten ε-
Caprolactonen, sowie auf Copolyestern von ω-Pentadecalacton und funktionalisierten 
makrocyklischen Lactonen oder funktionellen ε-Caprolactonen. Die Eigenschaften dieser 
Polyester wurden im Hinblick auf Molekulargewicht, Polydispersität, Zusammensetzung, 
Mikrostruktur und Funktionalisierungsgrad untersucht. Der Abbau von Copolyester-Harzen, 
hergestellt durch Photo-Vernetzung oder durch Michaeladdition, wurde als Funktion der 
Vernetzungsdichte untersucht. Mikrostrukturen mit einstellbarer Abbaurate, geeignet für 
Wirkstofffreisetzung, wurden hergestellt und charakterisiert. 
Alle in dieser Arbeit verwendeten funktionellen ε-Caprolactone sind γ-Acyloxy-ε-
Caprolactone, die in zwei Schritten ausgehend von 4-Hydroxycyclohexanon hergestellt 
wurden. In einem ersten Schritt wurde die Hydroxylgruppe acyliert und in einem zweiten 
Schritt der Ring mittels Baeyer-Villiger-Oxidation erweitert. Wird der Reaktionsablauf 
umgekehrt, führt die Baeyer-Villiger-Oxidation von 4-Hydroxycyclohexanon zu γ-
Hydroxyethyl-γ-Butyrolacton. Es wurden γ-Acetyloxy- (AcetCL), γ-Benzoyloxy- (BenzCL), 
γ-Acryloyloxy- (AcrCL) und γ-Methacryloyloxy-ε-Caprolacton (McrCL) hergestellt. Die 
chemisch- und enzymatisch katalysierte Polymerisation dieser Monomere und um 
Vergleichen zu können, die von ε-Caprolacton und γ-Methyl-ε-Caprolacton, wurde 
systematisch untersucht. 
Die funktionalisierten Wiederholungseinheiten der Copolyester bestehend aus ε-Caprolacton 
ud γ-Acyloxy-ε-Caprolacton verändern die Kristallinität der Copolymere. Copolyester mit 
AcrCL und McrCL-Wiederholungseinheiten werden auch für die Herstellung von Harzen und 
mikrostrukturierten vernetzten Oberflächen genutzt. Es wird erwartet, dass die Abbaurate 
dieser Polymere, durch die Natur der Acylgruppe, sowie über den Anteil der γ-Acyloxy-ε-
Zusammenfassung 
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Caprolacton-Wiederholungseinheiten eingestellt werden kann. Diese Erwartung basiert auf 
der Tatsache, dass die Hydrolyse der Esterseitenketten oder die thermische Spaltung der 
Seitenkette die entsprechende Säure freisetzt, welche dann als Katalysator für den weiteren 
Abbau fungiert. (biotic acid generator). 
Die Copolymerisation von ε-Caprolacton mit γ-Acyloxy-ε-Caprolactonen wurde sowohl 
chemisch als auch auf enzymatisch katalysiert durchgeführt. Nutzt man chemische 
Katalysatoren, wie beispielsweise Aluminium-tri-isopropylat, werden abgesehen von AcetCL, 
alle anderen Monomere, unter geeigneten Reaktionsbedingungen kontrolliert ringöffnend 
polymerisiert. AcetCL lagert sich unter allen Polymerisationbedingungen zu γ-
Acetyloxyethyl-γ-Butyrolacton um. In Gegenwart von Candida antarctica Lipase B (CALB) 
immobilisiert auf einem makroporösen Trägermaterial (Novozyme 435) lagern sich alle γ-
Acyloxy-ε-Caprolactone, abgesehen von BenzCL, teilweise zu den entsprechenden γ-
Acyloxy-γ-Butyrolactonen um, während ε-Caprolacton (CL) und γ-methyl-ε-Caprolacton die 
entsprechenden Polymere ergeben, das letztgenannte, wie bereits in der Literatur beschrieben, 
sogar stereoselektiv. Dies ist das erste Mal, dass während einer Polymerisation eine 
Umlagerung beobachtet wurde. Um Informationen über die Substraterkennung von CALB zu 
erhalten, wurde eine Studie zur Molekulardynamik mit den Substraten AcetCL und BenzCL, 
als tetraedrischer Zwischenstufe im aktiven Zentrum des Enzyms durchgeführt. Basierend auf 
den experimentellen Ergebnissen wurde ein Mechanismus für die chemisch und enzymatisch 
katalysierte Reaktion von γ-Acyloxy-ε-Caprolactonen vorgeschlagen. 
Mittels photoinduzierter Vernetzung von Copolyestern bestehend aus CL und McrCl und 
durch Diamin induzierte Vernetzung von Copolyestern bestehend aus CL und AcrCL wurden 
neuartige biologisch abbaubare Polyester-Harze hergestellt. Copolyester mit 
unterschiedlichen Anteilen von Acryloyloxy- oder Methacryloyloxygruppen wurden mittels 
ringöffnender Polymerisation mit Al(OiPr)3 als Katalysator und Initiator synthetisiert. Die 2D- 
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und 3D-Microstrukturierung von Oberflächen wurde mit Hilfe dieser Copolymere durch UV-
induzierte Vernetzung der Polymerfilme durch Replica-moulding durchgeführt. Ein Beweis 
für die Verarbeitbarkeit dieser neuartigen funktionellen Polyester und ihr Leistungsvermögen 
als Substrate für biomedizinische Anwendungen wurde erbracht. Abbaustudien der Polyester-
Harze hergestellt durch photoinduzierte Vernetzung der Methacryloyloxy-Seitengruppen bzw. 
Vernetzung von Acryloyloxygruppen mit Diaminen wurden durchgeführt. Die Anwesenheit 
funktioneller Seitengruppen beeinflusst die Abbaurate der Copolymere: je höher der 
Funktionalisierungsgrad umso schneller die Abbaurate. 
Polyester mit einem Poly(ε-caprolacton)-Rückgrat und unterschiedlichen Anteilen an 
Aryloyloxy- und Methacryloyloxygruppen in der Seitenkette wurden erfolgreich für die 
Herstellung von biologisch abbaubaren Mikropartikeln genutzt. Stabile Micropartikel wurden 
aus einer Öl in Wasser Emulsions erhalten, wenn Copolyester mit maximal 8% 
(Meth)Acryloyl-Seitengruppen eingesetzt wurden. Bei Verwendung höherer Konzentrationen 
funktioneller Monomere müssen die Partikel vernetzt werden, um deren Stabilität zu 
gewährleisten. Die Darstellung von vernetzten Partikeln war mit zwei Methoden erfolgreich: 
durch UV-Bestrahlung in Gegenwart eines Photoinitiators und durch Michaeladdition mit 
Diaminen. Die Verkapselung eines hydrophoben fluoreszierenden Farbstoffs und eines 
hydrophilen Proteins, als Modelsubstanzen, wurde durchgeführt und mittels optischer 
Mikroskopie, sowie Raman Spektroskopie nachgewiesen. Die Anwesenheit von funktionellen 
Gruppen erlaubt nicht nur eine einstellbare Abbaurate, sondern auch die weitere Verarbeitung 
(z.B. Vernetzung) und Biofunktionalisierung, so dass sich weitere Anwendungen im Bereich 
der biomedizinischen Anwendungen von Polycaprolactonen ergeben sollten. 
Poly(pentadecalacton) (PPDL) ist ein Polyester mit hoher Kristallinität und einem 
Schmelzpunkt von ungefähr 95 °C. PPDL ist ungiftig und, obwohl ein Polyester, ist PPDL 
hydrolytisch auch in Gegenwart von Lipase stabil. Diese Stabilität schreibt man der hohen 
Kristallinität und Hydrophobie des Materials zu.  
Zusammenfassung 
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Um die Abbaubarkeit von PPDL zu verbessern wurden Copolymere aus PDL und γ-
Acyloyloxy-ε-Caprolacton-Mmonomeren mittels enzymatisch katalysierter Polymerisation 
hergestellt. Man erwartet durch den Einbau funktioneller Seitenketten in das PPDL-Rückgrat 
die Säuren generieren, eine steuerbare Erhöhung derAbbaurate. Es hat sich gezeigt, dass beim 
Einsatz von AcetCL und AcrCL als Comonomere, kein Copolyester erhalten wurde. Neben 
PPDL wurden umgelagertes AcetCL und AcrCL erhalten. Bei der Verwendung von McrCL 
und BenzCL als Comonomere wurden statistische Copolyester erhalten und keine 
Umlagerungsreaktionen festgestellt. Eine Analyse der nicht umgesetzten Monomere mittels 
Gaschromatographie unter Verwendung chiraler Säulen zeigte, dass eines der Enantiomere 
bevorzugt eingebaut wird. Daher werden mit dieser Methode optische aktive Copolyester 
erhalten. Die Copolymerisation von PDL mit CL und BenzCL führt zu einem nahezu 
quantitativen Umsatz der Monomere, und zu einer möglicherweise höheren Abbaurate. 
Copolymerisation von PDL mit funktionellen Makrolactonen stellt eine weitere, vielseitig 
einsetzbare und unkomplizierte Methode zur Einführung von Funktionalitäten in das PPDL-
Rückgrat dar. Copolymere basierend auf Pentadecalacton und Makrolactonen mit C-C-
Doppelbindungen, mit zusätzlichem Epoxidring und zusätzlicher Amid-Gruppe wurden 
mittels Copolymerisation von PDL mit Ambrettolid, Ambrettolidepoxid und einem 
cyklischen Esteramid erhalten. Es ist zu erwarten, dass auf Grund sinkender Kristallinität der 
Copolymere eine erhöhte Abbaurate erhalten wird. 
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CHAPTER 1 
INTRODUCTION 
Polymers have attained importance in nearly every sphere of life. Nowadays, the 
environmental concern is rapidly growing, which justifies the attention paid to biodegradable 
materials.1-7 Research efforts have been driven by the need for specific single use materials in 
the biomedical field and by the search for biodegradable substitutes for conventional 
commodity thermoplastics, as an answer to the increasing plastic waste discarded in landfills. 
Among the families of biodegradable polymers aliphatic polyester have a leading position due 
to their importance for medical applications and as plastic modifiers.8-9 These applications are 
mainly related to their biocompatibility and ability to degrade in the natural environment, 
after the required time of exploitation. Judicious choice of the repetitive ester units allows 
modulating the physico-chemical properties, such as crystallinity, glass transition 
temperature, permeability, degradability, adhesion, toughness, stiffness, etc. The most widely 
used method for the controlled synthesis of aliphatic polyesters is ring-opening 
polymerization (ROP) of the respective cyclic monomers, such as lactones, glycolide, lactides 
or cyclic aliphatic carbonates.10-13 ROP of lactones is by far one of the most attractive ways to 
synthesize aliphatic polyesters.14-16 For many years, a huge research effort has been devoted 
to this problem and the potential of all the known mechanisms has been critically assessed. 
Today macromolecular engineering or polymer tailoring is the main target of polymer 
chemists in their search for new materials. It is thus essential to control in a predictable 
manner molecular weight, molecular weight distribution, molecular composition and 
architecture, which are the key parameters that ultimately control the macroscopic properties 
Introduction 
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of polymeric materials. The first reported observation of the polymerization of a simple 
lactone appears to be that of Beisswenger and Fichter, who in 1903 noted that δ-valerolactone 
polymerizes after a short time. Later, a series of investigations by Carothers and co-workers 
including several papers on the polymerization of lactones and other cyclic esters were 
reported.17 Carothers noted the inability of γ-butyrolactone and other five-membered esters to 
polymerize. He was also the first to synthesize ε-caprolactone and to observe its 
polymerization by the action of heat and catalysts.18 Until the classical work of Carothers, 
only six-membered cyclic esters had been polymerized. Nowadays, a broad range of small (4-
membered), medium (6- and 7-membered) and large (12-, 13-, 16- and 17-membered) ring 
size lactones were polymerized successfully.19-25 
ROP – a chain polymerization - provides a more convenient route to the synthesis of 
polyesters as compared to the traditional step growth polycondensation method.26,27 Under 
rather mild conditions, high molecular weight aliphatic polyesters can be prepared in short 
periods of time, as a result of complete monomer conversion. Provided that propagation is 
free from transfer and termination reactions, molecular weight is predictable from the 
monomer over initiator molar ratio, chains can be end-capped with a functional group and 
block copolymerization is straightforward. ROP of lactones can be more or less efficiently 
initiated by the major known mechanisms, i.e., cationic, anionic, free radical, zwitterionic, 
coordinative, and based on active hydrogen species.16 There are two classes of initiators the 
most often used in the ROP of cyclic esters: metal carboxylates and metal alkoxides. 
Compared to alkoxides, carboxylates are less nucleophilic and they are generally considered 
to behave as catalysts rather than as initiators. Indeed, metal carboxylates, such as tin(II) 
octoate, are usually added with active hydrogen compounds, such as alcohols as coinitiators.28 
Alkoxides based on metals, such as Al, Zn, and rare earth or lanthanide metals, rank among 
the most efficient initiators.29,30 For example, aluminium isopropoxide (Al(OiPr)3) is a very 
effective initiator for the preparation of polyesters with well-defined molecular weight, 
Chapter 1 
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narrow polydispersity and functionalized end groups.31 It is worth pointing out that the ROP 
of lactones initiated by Al(OiPr)3 has been proven to proceed through a “coordination-
insertion” mechanism (Scheme 1), which consists of lactone coordination onto the growing 
metal alkoxide, followed by a rearrangement of the covalent bonds leading to the insertion of 
the monomer into the Al-oxygen bond of the propagating species. Hydrolysis of the active 
aluminum alkoxide bond leads to the formation of a hydroxyl end-group. The second chain 
extremity is capped with an ester, carrying the R “alkyl radical” of the initiator. 
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Scheme 1. Mechanism of coordination-insertion ROP catalyzed by Al(OiPr)3. 
 
A promising alternative technique to the ‘‘chemical’’ ROP employing organometallic 
compounds as a catalyst is the enzymatic ROP. Enzymes are the catalyst that nature uses to 
accelerate biochemical reactions. The applications of enzymes in polymer chemistry have 
many advantages: polymerizations can be performed under mild conditions, enzymes catalyze 
reactions with high enantio- and regioselectivity, can be used in bulk media and organic 
media, are derived from renewable resources, are recyclable and can replace other catalyst 
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that are highly reactive, toxic or introduce heavy metals into products. In-vitro enzymatic 
catalysis has received increased attention in polymer synthesis recently.32 Lipases are by far 
the most used enzymes in synthetic organic chemistry. Their biological function is the 
hydrolysis of fatty acid ester in aqueous medium. Of all available lipases, by far the most used 
in organic chemistry is Candida Antarctica Lipase B (CALB). This flexible, thermostable 
lipase is available in immobilized form on a macroporous polymer matrix, Novozyme 435. In 
case of enzymatic polymerization of lactones, the polymerization behavior strongly depends 
on the ring size of the monomer and enzyme origin. Using CALB as catalyst, the rate of 
polymerization of lactones increases with ring size from 6 to 17, which is opposite to that of 
anionic polymerization. An explanation for these differences is that ‘‘chemical’’ ROP 
strongly depend on the strain in the lactone ring. As a result, unstrained rings such as 
macrolides are hardly polymerized via chemical catalysis and are readily polymerized via 
enzymatic ROP.33,34 
Lipase catalyzed reactions are considered to proceed via an acyl-enzyme intermediate. The 
enzymatic polymerization of lactones is explained by considering the following reactions as 
the principal reaction course (Scheme 2). The catalytic site of lipase is known to be a serine 
residue, which first forms a complex with the lactone followed by the ring-opening leading to 
the formation of acyl-enzyme intermediate (Enzyme activated monomer, EAM). The rate 
determining step in the overall polymerization is the formation of the enzyme-activated 
monomer.35 The initiation is a nucleophilic attack of water, which is probably contained in 
enzyme, onto the acyl carbon of the intermediate to produce ω-hydroxy carboxylic acid. 
Other nucleophiles such as alcohol or amine may also participate in this reaction. In the 
propagation step, the nucleophilic attack of the terminal hydroxyl group of ω-hydroxy 
carboxylic acid on the enzyme activated monomer leads to the formation of one-unit-more 
elongated polymer chain. 
Chapter 1 
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Scheme 2. Mechanism of enzymatic ROP catalyzed by lipases. 
 
Lipases induce enantioselective ring-opening polymerization of racemic lactones. Polyesters 
with high optical purity were synthesized by lipase catalyzed copolymerization of racemic 
substituted lactones with achiral unsubstituted lactones.36 Structural control of polymer 
terminal has been extensively studied since terminal-functionalized polymers, typically 
macromonomers and telechelics, are often used as prepolymers for synthesis of functional 
polymers. Lipase catalysis has provided novel methodologies for single-step synthesis of end-
functionalized polyesters. The lipase-catalyzed polymerization of lactones in the presence of 
functional alcohols produced the end-functionalized polyesters (“initiator method”).37,38 
Recent advance in drug delivery and tissue targeting have created the need for polymers that 
have functional side chains and also are subject to heterogenous biodegradation. Special 
attention has been paid to the preparation of biodegradable polyesters bearing functional 
pendant groups. The availability of reactive groups along the chains is highly desirable for 
fine tuning the properties, particularly the chemical reactivity, in order to attach drugs, to 
improve biocompatibility, to control the biodegradation rate, to promote (bio)adhesion, and to 
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impart hydrophilicity if not water solubility. Synthesis and polymerization of cyclic esters 
bearing a functional group, protected or not, is a very straightforward way toward functional 
polyesters.39-42 A number of ways to influence both the chemical and the physical properties 
of polyesters have been reported, such as by varying the composition, polymerization and/or 
processing conditions. One of the approaches is the crosslinking of aliphatic polyesters with 
functional polyesters to improve mechanical properties of these materials. This may offer 
several other advantages, such as a more consistent loss of mass over time, which can avoid a 
sudden decrease in strength before the total loss of mass occurs.43 A broader spectrum of 
mechanical properties and degradation patterns can be achieved with cross-linked systems to 
meet the vast demand of biomedical applications. 
Functional polyesters are of interest for various industrial and biomedical applications. For 
example, the use of biodegradable polyesters as a scaffold material providing a framework for 
the cells to attach, proliferate and form the extracellular matrix is an emerging research area in 
the field of tissue engineering.44,45 These scaffolds may also serve as carriers for cells growth 
factors etc. Some of the essential requirements of biodegradable and biocompatible scaffolds 
are porosity, correct pore size (for candidate cells), permeability (for the proper diffusion of 
nutrient, transport of proteins and waste removal), and a surface conducive to cell attachment. 
Surface characteristics such as hydrophilicity, surface charge density, surface micro-
morphology and specific chemical groups affect the cell adhesion and spreading and thus 
regulate a wide variety of biological functions. The advances in micro- and nano-fabrication 
technology have enhanced the tools available to create clinically important therapeutic 
applications. Microfabrication technology has been applied to the successful fabrication of a 
variety of implantable and oral drug delivery devices Because of the inherent difficulty in 
retrieving small-scale devices from tissues, it is advantageous to apply biodegradable 
polyesters that would naturally degrade and disappear in tissue over a desired period of time. 
Replication molding, using a rigid or elastic master, can pattern structures on a polymer 
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surface in a submicron resolution at a low cost. Layer-by layer rapid prototyping methods are 
promising in producing controlled release units with complicated geometries, release 
mechanisms and the ability to control microstructure and composition.46 However, micro and 
nano-fabrication of biodegradable polymers with precise control over surface micro 
architecture, topography, and size remains an important challenge. Biodegradable polyester 
microspheres have attracted interest in the last period as injectable scaffold materials for 
tissue engineering applications and as drug carriers for controlled delivery applications.47-49 
Drug delivery systems have been developed to overcome disadvantages of conventional drug 
dosage forms. One of the primary objectives in the design of a novel drug delivery system is 
the controlled delivery of the therapeutic agent to its site of action and at an optimal rate. The 
new drug dosage form aim at improving the access of active molecules to the action site in the 
organism mainly in two ways: (i) development of carriers able to deliver and to protect the 
active molecule toward the biological target; (ii) developing of a sustained-release drug 
formulation to provide long-lasting effect with a slow release of an active molecule.50 The 
most commonly used method for preparing protein encapsulated microparticles is the solvent 
evaporation technique based on the formation of a double emulsion (water-in-oil-in-water).51 
 
This thesis deals with the preparation and characterization of functional polyesters prepared 
by ring-opening polymerization and copolymerization of γ-substituted 7-membered lactones 
and functional macrolactones. Using different type of monomers from small size lactones to 
macrocyclic esters chemical catalysis as enzymatic catalysis is involved. Applications of the 
newly prepared polyesters such as biodegradable materials for cell-based tissue engineering 
systems and drug delivery systems are also discussed. 
Chapter 2 focuses on the ring-opening polymerization of γ-acyloxy-ε-caprolactones. First 
results on the synthesis and polymerization of γ-acetyloxy-, γ-benzoyloxy-, γ-acryloyloxy-, 
and γ-methacryloyloxy-ε-caprolactone by means of chemical and enzymatic catalysis are 
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reported. Special attention is paid to the rearrangement taking place during polymerization 
and to specific conditions for a controlled polymerization. Mechanistic considerations of the 
rearrangement of γ-acyloxy-ε-caprolactones under polymerization conditions via chemical 
and enzymatic catalysis have been also discussed. 
Chapter 3 describes the preparation of novel biodegradable polyester resins based on 
functional polyesters obtained by copolymerization of ε-caprolactone (PCL) and two 
functional lactones, γ-acryloyloxy-ε-caprolactone and γ-methacryloyloxy-ε-caprolactone. The 
pendant double bonds are exploited to form novel polyester resins by photo crosslinking 
demonstrating the processability of these materials by fabrication of microstructured 
substrates with a variety of patterns such as pillars, holes, ridges and grooves with different 
aspect ratios.  
In Chapter 4 the previously prepared (meth)acrylate functional PCL resins are subjected to 
degradation conditions, showing faster degradation rate than commercially available linear 
PCL. It can be observed that for both, resins obtained by photocrosslinking and for resins 
resulting from the Michael type addition using diamine crosslinkers, the degradation rate 
increases with increasing concentration of functional groups. Additionally, it is shown, that 
(meth)acrylate functional PCL polymers are suitable for microparticle formation. Polymers 
with up to 8% functional groups can be processed straightforwardly to produce microparticles 
with the emulsion solvent evaporation technique. In this case all functional groups remain 
available for either pre or post-processing, e.g. (bio)funtionalization. Polymers with more than 
8% functional groups are amorphous and require the formation of a network (resin) to gain 
stability. Loading of the particles with a hydrophobic dye and a hydrophilic protein as models 
for drugs is achieved by gradient driven diffusion and double emulsion solvent evaporation 
technique, respectively. 
The first part of Chapter 5 presents the preparation of a new class of pentadecalactone (PDL) 
based polyesters with enhanced degradability. Enzymatic copolymerization of PDL with γ-
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acyloxy-ε-caprolactones allows the insertion of pendant acyloxy functional groups along the 
polyester backbone which are prerequisites for tuneable degradability. In the second part the 
work focuses on introduction of functionalities by copolymerization of PDL with functional 
macrolactones, which allows the manipulation of the polymer properties by postmodification, 
for example crosslinking and further biofunctionalization. This investigation is conducted in 
the presence of Ambrettolide (Am), an unsaturated 17-membered lactone, its epoxide (AmE) 
and a cyclic ester amide (cEA), a 14-membered lactone. 
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CHAPTER 2 
γ-ACYLOXY-ε-CAPROLACTONES: SYNTHESIS, RING-OPENING 
POLYMERIZATION VS. REARRANGEMENT BY MEANS OF CHEMICAL 
AND ENZYMATIC CATALYSIS 
2.1  Introduction 
In recent years, much attention has been devoted to functional biodegradable polymers as 
biomaterials for medical and pharmaceutical application and as ecological, environmentally 
friendly materials.1-4 Aliphatic polyesters and polycarbonates prepared from cyclic monomers 
via ring-opening polymerization are an important class of biodegradable polymers. Polymers 
derived from lactide, glycolide, ε-caprolactone and trimethylene carbonate and recently from 
functional carbonates and lactones are gaining more and more interest and importance for 
many fields of application.5-18 
For the controlled or living ring opening polymerization of cyclic esters and cyclic carbonates 
the initiators most often used are metal alkoxides and metal carboxylates with special 
emphasis on aluminium alkoxides and tin carboxylates.19-23 Unimolecular and bimolecular 
side reactions – intra- and intermolecular transesterification reactions – are suppressed 
kinetically and are not depriving the polymerization process from its living character. In the 
last years initiators derived from the less toxic rare earth metals have gained growing 
importance.24 Enzymatic polymerization catalyzed by lipase B from Candida antarctica 
(CALB) provides an alternative synthetic method for polyesters and polycarbonates.25 So far 
lactones of various ring sizes and differently substituted 6-membered cyclic carbonates were 
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subjected to the lipase catalyzed ring-opening polymerization using low molar mass and 
polymeric mono- and multifunctional initiators.26-33  
Further advances in this field require well designed new cyclic monomers with functional 
groups that contribute to challenging properties, without interacting with the active species in 
the propagation step of the polymerization. In the past our group has studied the ring-opening 
polymerization of 2-acetoxymethyl-2-methyltrimethylene carbonate (AMTC) and 2-
methoxycarbonyl-2-methyltrimethylene carbonate (MMTC).16 With lithium alcoholates as the 
active site linear polymers without branching were obtained, while with aluminium alcoholate 
as the active site no polymerization was observed. This was explained by intramolecular 
complexation of the active species with the adjacent ester group, cf. the structures (1) and (2) 
shown below. Due to this complexation a new monomer has no chance to interact with the 
active species which is a prerequisite for the chain growth reaction. 
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The present investigation is focussed on the ring-opening polymerization of γ-acyloxy-ε-
caprolactones. It is expected that the rate of degradation of these polymers and copolymers 
with ε-caprolactone can be finely tuned due to the nature of the acyl group and the 
concentration of the γ-acyloxy-ε-caprolactone repeating units. The expectation is based on the 
fact that the hydrolysis of the ester side chains or thermal treatment of the polymers releases 
the corresponding acid from the respective acyloxy side chain, which serves as a catalyst for 
further degradation. 
The present communication reports first results on the synthesis and polymerization of γ -
acetyloxy-, γ -benzoyloxy-, γ-acryloyloxy-, and γ-methacryloyloxy -ε-caprolactone by means 
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of chemical and enzymatic catalysis. Special attention is paid to the rearrangement taking 
place during polymerization and to specific conditions for a controlled polymerization. 
 
2.2 Experimental Part 
Materials 
Acetyl chloride (Fluka), benzoyl chloride (Merck), acryloyl chloride (Aldrich), methacryloyl 
chloride (Fluka), triethylamine (Riedel de Haën), 3-chloroperoxybenzoic acid (75% purity, 
Acros Organics), ε-caprolactone (≥99%, Fluka), poly(ethylene glycol)-monomethyl ether 
(MPEO3000: Mn = 3000 g·mol-1, Aldrich), aluminium isopropoxide (Aldrich), 
dibutylmagnesium (1.0 M solution in heptane, Aldrich), zinc(II) 2-ethylhexanoate (97%, 
ABCR), tin(II) 2-ethylhexanoate (Alfa Aesar), 2,6-di-tert.butyl-4-methylphenol (99%, 
Aldrich) were used as received. 4-Hydroxy-cyclohexanone (Lanxess) was distilled before use, 
Novozyme 435 (Lipase B from C. antarctica immobilized on a macroporous resin, 10.000 
U·g-1, Sigma) was dried in vacuum at room temperature for 24 h before use and stored under 
nitrogen. 3-Phenyl-1-propanol (≥98%, Fluka) was distilled over sodium. 
All reactions were carried out in nitrogen atmosphere. Nitrogen (Linde, 5.0) was passed over 
molecular sieves (4 Å) and finely distributed potassium on aluminium oxide. 
Syntheses 
4-Acetyloxy-cyclohexanone (2a). 4-Hydroxy-cyclohexanone 1 (10.00 g, 87.72 mmol) was 
dissolved in CH2Cl2 (100 mL) and triethylamine (13.30 g, 131.58 mmol). The solution was 
cooled to 0 °C and acetyl chloride (10.32 g, 131.58 mmol) was slowly added and the 
temperature was kept below 5° C. The reaction was stirred for 24h at RT. Triethylamine 
hydrochloride was removed by filtration and the solution was washed with H2O. The organic 
phase was dried over Na2SO4 and the solvent was removed by distillation (~20 mbar, 40°C). 
(Yield: 60 %). 
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4-Benzoyloxy-cyclohexanone (2b), 4-acryloyloxy-cyclohexanone (2c) and 4-
methacryloyloxy-cyclohexanone (2d) were prepared according to the same procedure. 
NMR assignments of 2a, 2b, 2c, and 2d cf. Scheme 1.  
4-Acetyloxy-cyclohexanone (2a)  
1H NMR (300 MHz, CDCl3-d): δ = 2.03-2.14 (m, 2H, H3, 2H, H5, 3H, H8), 2.37 (td, 1H, H2, 
1H, H6 ), 2.55 (td, 1H, H2, 1H, H6), 5.17 (p, 1H, H4) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 21.24 (C8), 30.41 (C3,C5), 37.26 (C2,C6), 68.62 (C4), 
170.32 (C7), 209.64 (C1) ppm. 
4-Benzoyloxy-cyclohexanone (2b)  
1H NMR (300 MHz, CDCl3-d): δ = 2.08-2.34 (m, 2H, H3, 2H, H5), 2.36-2.51 (m, 1H, H2, 
1H, H6 ), 2.56-2.74 (m, 1H, H2, 1H, H6), 5.36-5.50 (m, 1H, H4), 7.41-7.59 (m, 1H, H10, 1H, 
H10’, 1H, H11), 8.06 (t, 1H, H9, 1H, H9’) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 30.50 (C3,C5), 37.30 (C2,C6), 69.05 (C4), 128.47 (C10 
,C10’), 129.55 (C9, C9’), 130.54 (C8), 133.17 (C11), 165.70 (C7), 209.69 (C1) ppm. 
4-Acryloyloxy-cyclohexanone (2c)  
1H NMR (300 MHz, CDCl3-d): δ = 2.04-2.19 (m, 2H, H3, 2H, H5), 2.31-2.46 (m, 1H, H2, 
1H, H6 ), 2.49-2.65 (m, 1H, H2, 1H, H6), 5.20-5.31 (m, 1H, H4) 5.88 (q, 1H, H9), 6.08-6.24 
(m, 1H, H8), 6.44 (q, 1H, H9) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 30.32 (C3,C5), 37.16 (C2,C6), 68.64 (C4), 128.42 (C9), 
131.04 (C8), 165.30 (C7), 209.56 (C1) ppm. 
4-Methacryloyloxy-cyclohexanone (2d)  
1H NMR (300 MHz, CDCl3-d): δ = 1.98 (s, 3H, H10), 2.07-2.22 (m, 2H, H3, 2H, H5), 2.39 
(td, 1H, H2, 1H, H6 ), 2.58 (ddd, 1H, H2, 1H, H6), 5.19-5.29 (m, 1H, H4) 5.62 (d, J = 1.58 Hz, 
1H, H9), 6.14 (t, 1H, H9) ppm. 
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13C NMR (75 MHz, CDCl3-d): δ = 18.33 (C10), 30.45 (C3,C5), 37.26 (C2,C6), 68.69 (C4), 
125.80 (C9), 136.44 (C8), 166.55 (C7), 209.80 (C1) ppm. 
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Scheme 1. Structure of 4-acetyloxy-cyclohexanone 2a, 4-benzoyloxy-cyclohexanone 2b, 4-
acryloyloxy-cyclohexanone 2c, 4-methacryloyloxy-cyclohexanone 2d with numbers for NMR 
assignment. 
 
γ-Acetyloxy-ε-caprolactone (3a). 4-Acetyloxy-cyclohexanone 2a (6.32 g, 40.50 mmol) was 
dissolved in CH2Cl2 (50 mL). After addition of 3-chloroperoxy-benzoic acid (8.38 g, 48.60 
mmol), the solution was stirred for 3h under reflux. 3-Chlorobenzoic acid was removed by 
filtration and the solution was washed with 10 wt.% aq. solution of Na2CO3 and H2O. The 
organic phase was dried over Na2CO3 and the solvent was removed by distillation (~20 mbar, 
40 C). (Yield: 90 %). The lactone 3a was purified by chromatography on silica gel using 
hexane/EtOAc as the eluting solvent mixture with increasing content of EtOAc (20, 30 and 40 
vol.-% EtOAc in hexane) and by vacuum distillation (~10-2 mbar, 120 °C). A colourless oil 
was obtained which upon standing crystallizes, m.p 58 °C (DSC). (Yield: 86%). NMR 
assignments of 3a cf. Scheme 2.  
1H NMR (300 MHz, CDCl3-d): δ = 1.98 (dt, 1H, H3, 1H, H5), 2.03-2.14 (m, 1H, H3, 1H, H5, 
3H, H8), 2.49-2.60 (m, 1H, H2), 2.85-2.97 (m, 1H, H2 ), 4.16 (ddd, 1H, H6), 4.45 (ddd, 1H, 
H6), 5.12 (dt, 1H, H4) ppm. 
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13C NMR (75 MHz, CDCl3-d): δ = 21.21 (C8), 27.53 (C3), 28.46 (C2), 33.97 (C5), 63.58 (C6), 
70.04 (C4), 169.95 (C7), 175.09 (C1) ppm. 
γ-Benzoyloxy-ε-caprolactone (3b). 4-Benzoyloxy-cyclohexanone 2b (9.56 g, 43.85 mmol) 
was dissolved in CH2Cl2 (100 mL). After addition of 3-chloroperoxy-benzoic acid (12.97 g, 
52.62 mmol), the solution was stirred for 3h under reflux. 3-Chlorobenzoic acid was removed 
by filtration and the solution was washed with 10 wt.% aq. solution of Na2CO3 and H2O. The 
organic phase was dried over Na2CO3 and the solvent was removed by distillation (~20 mbar, 
40°C). The lactone 3b was further purified by chromatography on silica gel using 
hexane/EtOAc as the eluting solvent mixture with increasing content of EtOAc (20, 30 and 40 
vol.-% EtOAc in hexane). A colourless oil was obtained which upon standing crystallizes, 
m.p 76°C (DSC). NMR assignments of 3b cf. Scheme 2.  
1H NMR (300 MHz, CDCl3-d): δ = 2.07-2.17 (m, 1H, H3, 1H, H5), 2.22 (dd, 1H, H3, 1H, 
H5), 2.56-2.67 (m, 1H, H2), 2.96-3.09 (m, 1H, H2 ), 4.16-4.29 (m, 1H, H6), 4.49-4.63 (m, 1H, 
H6), 5.33-5.45 (m, 1H, H4), 7.46 (dd, 1H, H10, 1H, H10’), 7.53-7.66 (m, 1H, H11), 8.05 (d, J = 
7.14 Hz, 1H, H9, 1H, H9’) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 27.64 (C3), 28.55 (C2), 34.08 (C5), 63.59 (C6), 70.49 (C4), 
128.54 (C10 ,C10’), 129.55 (C9, C9’), 129.91 (C8), 133.37 (C11), 165.30 (C7), 175.01 (C1) ppm. 
γ-Acryloyloxy-ε-caprolactone (3c). 4-Acryloyloxy-cyclohexanone 2c (9.27 g, 55.17 mmol) 
was dissolved in CH2Cl2 (100 mL). After addition of 3-chloroperoxy-benzoic acid (16.32 g, 
66.20 mmol), the solution was stirred for 24 h at room temperature. 3-Chlorobenzoic acid was 
removed by filtration and the solution was washed with 10 wt.% aq. solution Na2CO3 and 
H2O. The organic phase was dried over Na2CO3 and the solvent was removed by distillation 
(~20 mbar, 40°C). The lactone 3c was purified by chromatography on silica gel using 
hexane/EtOAc as the eluting solvent mixture with increasing content of EtOAc (20, 30 and 40 
vol.-% EtOAc in hexane). The monomer was obtained as a viscous liquid. A stabilizing agent 
(2,6-di-tert.butyl-4-methylphenol, BHT) was added, in order to prevent radical 
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polymerization. 4-Methacryloyloxy-cyclohexanone (3d) was prepared according to the same 
procedure. NMR assignments of 3c and 3d cf. Scheme 2.  
γ-Acryloyloxy-ε-caprolactone (3c) 
1H NMR (300 MHz, CDCl3-d): δ = 2.04 (td, 1H, H3, 1H, H5), 2.08-2.18 (m, 1H, H3, 1H, H5), 
2.50-2.63 (m, 1H, H2), 2.87-3.00 (m, 1H, H2 ), 4.12-4.24 (m, 1H, H6), 4.48 (ddd, 1H, H6), 
5.21 (td, 1H, H4), 5.85-5.94 (m, 1H, H9), 6.07-6.21 (m, 1H, H8), 6.43 (td, 1H, H9) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 27.47 (C3), 28.40 (C2), 33.91 (C5), 63.47 (C6), 70.09 (C4), 
128.18 (C9), 131.43 (C8), 164.89 (C7), 174.95 (C1) ppm. 
γ-Methacryloyloxy-ε-caprolactone (3d) 
1H NMR (300 MHz, CDCl3-d): δ = 1.97 (s, 3H, H10), 2.04 (dt, 1H, H3, 1H, H5), 2.13 (tt, 1H, 
H3, 1H, H5), 2.51-2.63 (m, 1H, H2), 2.88-3.01 (m, 1H, H2 ), 4.19 (ddd, 1H, H6), 4.48 (ddd, 1H, 
H6), 5.13-5.26 (m, 1H, H4), 5.63 (d, J = 1.52 Hz, 1H, H9), 6.14 (s, 1H, H9) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 18.18 (C10), 27.48 (C3), 28.40 (C2), 33.91 (C5), 63.48 
(C6), 70.05 (C4), 125.99 (C9), 136.13 (C8), 165.99 (C7), 174.98 (C1) ppm. 
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Scheme 2. Structure of γ-acetyloxy-ε-caprolactone 3a, γ-benzoyloxy-ε-caprolactone 3b, γ-
acryloyloxy-ε-caprolactone 3c, γ-methacryloyloxy-ε-caprolactone 3d with numbers for NMR 
assignment. 
 
Polymerization of ε-caprolactone with Novozyme 435 as catalyst and 3-phenyl-propanol 
as initiator. ε-Caprolactone (5 g, 43.85 mmol ), 3-phenyl-propanol (63.37 mg, 0.46 mmol
 
) 
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and dry Novozyme 435 ( 355.00 mg, 0.7/10 wt/wt of substrate ) were stirred at 45 ˚C for 72 
hours. The reaction was terminated by adding excess of cold chloroform and removing the 
enzyme by filtration. The filtrate was poured in cold hexane and the precipitate was separated 
by filtration and was dried in vacuum up to a constant weight. Yield: 95%. 
SEC results: Mn = 10800; Mw = 17900; Mw/Mn = 1.66; (Mn,th = 10.700); Mn determined by end 
group analysis from 1H NMR is 11400. 
Polymerization of ε-caprolactone with Novozyme 435 as catalyst and MPEG2000 as 
initiator. ε-Caprolactone (1 g, 8.77 mmol ), MPEG2000 ( 0.50 g, 0.25 mmol ) and dry 
Novozyme 435 ( 50.00 mg, 0.5/10 wt/wt of substrate ) were stirred at 70 ˚C for 24 hours. The 
reaction was terminated by adding excess of cold chloroform and removing the enzyme by 
filtration. The filtrate was poured in cold hexane and the precipitate was separated by 
decantation and was dried in vacuum up to a constant weight. Yield 90%. 
SEC results: Mn = 8000; Mw = 11600; Mw/Mn = 1.45; ( Mn th = 6000 ); Mn determined by end 
group analysis from 1H NMR is 5000. 
Polymerization of γ-methy-ε-caprolactone with Novozyme 435 as catalyst and 3-phenyl-
propanol as initiator. γ-Methy-ε-caprolactone ( 1 g, 7.81 mmol ), 3-phenyl-propanol ( 11.28 
mg, 0.08 mmol
 
) and dry Novozyme 435 ( 63.33 mg, 0.6/10 wt/wt of substrate ) were stirred 
at 45 ˚C. After 5 hours at 41 % monomer conversion, the reaction was terminated by adding 
excess of cold chloroform and removing the enzyme by filtration. The filtrate was poured in 
cold hexane and the precipitate was separated by decantation and was dried in vacuum up to a 
constant weight.  
SEC results: Mn = 15000; Mw = 36600; Mw/Mn = 2.40; ( Mn th = 6000 ); ( Mn NMR = 6500 ) 
Chiral GC analysis: racemic monomer (S enantiomer: [49.46 %], retention time: 3.60 min.; R 
enantiomer: [49.53 %], retention time: 3.88 ) and of residual monomer ( S: [21.59 %], 
retention time: 3.69 min.; R: [76.61 %], retention time: 3.95 ).  
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Polymerization of γ-acetyloxy-ε-caprolactone (3a) with Al(OiPr)3 as a catalyst and 
initiator. γ-Acetyloxy-ε-caprolactone (3a,1g, 5.81 mmol), Al(OiPr)3 ( 23.73 mg, 0.11 mmol) 
and toluene (5 mL) were stirred at 25 ˚C for 24 h. Then, an excess of dilute H3PO4 (5%) in 
MeOH was added. The product was recovered by precipitation in cold hexanes. The 
precipitate was isolated and dried under vacuum up to a constant weight. 
The ratio of starting monomer (3), polymer (7) and rearranged monomer (6) was determined 
via 1H and/or 13C NMR analysis (Table 1). 
The polymerization of 3b, 3c, and 3d with Al(OiPr)3 or Bu2Mg as the initiator was performed 
according to the same procedure.  
Polymerization of γ-acetyloxy-ε-caprolactone (3a) with Zn(Oct)2 as a catalyst and 3-
phenyl-propanol as the initiator. γ-Acetyloxy-ε-caprolactone (3a,1g, 5.81 mmol), 3-phenyl-
propanol (15.80 mg, 0.11 mmol) and Zn(Oct)2 (38.59 mg, 0.11 mmol) were stirred at 100 ˚C 
for 24 h. Then, an excess H3PO4 (5%) in MeOH was added. The product was recovered by 
precipitation in cold hexanes. The precipitate was isolated and was dried in vacuum up to a 
constant weight. 
The ratio of starting monomer (3), polymer (7) and rearranged monomer (6) was determined 
via 1H and/or 13C NMR analysis (Table 1). 
The polymerization of (3b) with Zn(Oct)2 or Sn(Oct)2 as a catalyst was performed according 
to the same procedure. 
Polymerization of γ-acetyloxy-ε-caprolactone (3a) with Novozyme 435 as catalyst and 3-
phenyl-propanol as initiator. γ-Acetyloxy-ε-caprolactone ( 3a,1g, 5.81 mmol ), 3-phenyl-
propanol ( 15.80 mg, 0.11 mmol
 
) and Novozyme 435 ( 120.00 mg, 0.6/10 wt./wt. of 
substrate) were stirred at 45 ˚C for 24 h. The reaction was terminated by adding an excess of 
cold chloroform and removing the enzyme by filtration. The filtrate was poured into cold 
hexane and the precipitate was isolated and dried in vacuum up to constant weight.  
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The ratio of starting monomer (3), polymer (7) and rearranged monomer (6) was determined 
via 1H and/or 13C NMR analysis (Table 3). 
The polymerization of 3b, 3c, and 3d with Novozyme 435 as a catalyst was performed 
according to the same procedure.  
Poly(γ-benzoyloxy-ε-caprolactone) (4b). γ-Benzoyloxy-ε-caprolactone 3b (1g, 4.27 mmol ), 
Al(OiPr)3 ( 29.08 mg, 0.14 mmol ) and toluene ( 5 mL ) were stirred at 25 ˚C for 24 h. Then, 
an excess of dilute H3PO4 (5%) in MeOH was added. The polymer was recovered by 
precipitation in cold hexanes. The precipitate was separated by decantation and was dried in 
vacuum up to constant weight. 
Poly(γ-acryloyloxy-ε-caprolactone) (4c) and poly(γ-methacryloyloxy-ε-caprolactone) (4d) 
were prepared according to the same procedure. 
NMR assignments of 4b, 4c, and 4d cf. Scheme 3.  
Poly(γ-benzoyloxy-ε-caprolactone) (4b 
1H NMR (300 MHz, CDCl3-d): δ = 1.81-2.09 (m, 2H, H3, 2H, H5), 2.23-2.40 (m, 2H, H2), 
3.96-4.18 (m, 2H, H6), 5.25 (m, 1H, H4), 7.44 (m, 1H, H10, 1H, H10’), 7.47-7.59 (m, 1H, H11), 
8.01 (m, 1H, H9, 1H, H9’) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 29.33 (C2), 30.03 (C3), 33.12 (C5), 60.96 (C6), 70.88 (C4), 
128.39 (C10, C10’), 129.59 (C9, C9’), 129.94 (C8), 133.11 (C11), 165.89 (C7), 172.65 (C1)  ppm. 
Poly(γ-acryloyloxy-ε-caprolactone) (4c)   
1H NMR (300 MHz, CDCl3-d): δ = 1.84-2.02 (m, 2H, H3, 2H, H5), 2.27-2.39 (m, 2H, H2), 
4.01-4.17 (m, 2H, H6), 5.04-5.17 (m, 1H, H4), 5.79-5.91 (m, 1H, H9), 6.02-6.16 (m, 1H, H8) 
6.42 (m, 1H, H9) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 29.31 (C2), 30.00 (C3), 33.11 (C5), 60.81 (C6), 70.30 (C4), 
128.27 (C9), 131.21 (C8), 165.61 (C7), 172.65 (C1) ppm. 
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Poly(γ-methacryloyloxy-ε-caprolactone) (4d)  
1H NMR (300 MHz, CDCl3-d): δ = 1.87-2.00 (m, 2H, H3, 2H, H5, 3H, H10), 2.27-2.40 (m, 
2H, H2), 4.02-4.17 (m, 2H, H6), 5.01-5.15 (m, 1H, H4), 5.58 (d, J = 7.89 Hz, 1H, H9), 6.10 (d, 
J = 10.10 Hz, 1H, H9) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 18.33 (C10), 29.29 (C2), 30.00 (C3), 33.11 (C5), 60.84 
(C6), 70.40 (C4), 125.75 (C9), 136.14 (C8), 166.76 (C7), 172.68 (C1) ppm. 
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Scheme 3. Structure of poly(γ-benzoyloxy-ε-caprolactone) 4b, poly(γ-acryloyloxy-ε-
caprolactone) 4c, poly(γ-methacryloyloxy-ε-caprolactone) 4d with numbers for NMR 
assignment. 
 
γ-Acetyloxyethyl-γ-butyrolactone (6a) 
Baeyer-Villiger oxidation of 4-hydroxy-cyclohexanone (1): 1 (3.00 g, 26.30 mmol) was 
dissolved in CH2Cl2 (40 mL). After addition of 3-chloroperoxybenzoic acid (7.75 g, 31.50 
mmol), the solution was stirred for 3 h under reflux. 3-Chlorobenzoic acid was removed by 
filtration and the solution was washed with 10 wt.% aq. solution of Na2CO3 and H2O. The 
organic phase was dried over Na2CO3 and the solvent was removed by distillation (~20 mbar, 
40°C).  
Acylation of γ-hydroxyethyl-γ-butyrolactone (5a): 5a (0.54 g, 4.15 mmol) was dissolved in 
CH2Cl2 (2.5 mL) and triethylamine (0.63g, 6.23 mmol). The solution was cooled to 0 °C, 
acetyl chloride (0.49 g, 6.23 mmol) was slowly added and the temperature was kept below 
5°C. The reaction was stirred for 24h at RT. Triethylamine hydrochloride was removed by 
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filtration and the solution was washed with H2O. The organic phase was dried over Na2SO4 
and solvent was removed by distillation (~20 mbar, 40°C). NMR assignments of 5a cf. 
Scheme 4.  
1H NMR (300 MHz, CDCl3-d): δ = 1.98 (tt, 1H, H3, 2H, H5), 2.07 (s, 3H, H8), 2.42 (ddd, 1H, 
H3), 2.52-2.63 (m, 2H, H2), 4.21 (q p, 2H, H6), 4.57-4.70 (m, 1H, H4) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 20.91 (C8), 28.03 (C3), 28.70 (C2), 34.62 (C5), 60.63 (C6), 
77.71 (C4), 170.87 (C7), 176.88 (C1) ppm. 
γ-Benzoyloxyethyl-γ-butyrolactone (6b) 
An attempt to polymerize γ-benzoyloxy-ε-caprolactone 3b at 90 ˚C with Al(OiPr)3 as the 
initiator failed; the only product was 6b. NMR assignments of 6b cf. Scheme 4.  
1H NMR (300 MHz, CDCl3-d): δ = 1.86-2.05 (m, 1H, H3), 2.07-2.21 (m, 2H, H5), 2.33-2.49 
(m, 1H, H3), 2.51-2.61 (m, 2H, H2), 4.37-4.57 (m, 2H, H6), 4.63-4.77 (m, 1H, H4), 7.37-7.50 
(m, 1H, H10, 1H, H10’), 7.56 (q, 1H, H11), 8.01 (q, 1H, H9, 1H, H9’) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 28.11 (C3), 28.68 (C2), 34.78 (C5), 61.17 (C6), 77.72 (C4), 
128.44 (C10 ,C10’), 129.53 (C9, C9’), 129.90 (C8), 133.14 (C11), 166.32 (C7), 176.79 (C1) ppm. 
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Scheme 4. Structure of γ-acetyloxyethyl-γ-butyrolactone 5a and γ-benzoyloxyethyl-γ-
butyrolactone 5b with numbers for NMR assignment. 
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Measurements 
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 
300 MHz and 75 MHz, respectively. Chloroform-d (CDCl3), was used as solvent and 
tetramethylsilane (TMS) served as the internal standard. 
Size exclusion chromatography (SEC) analyses with tetrahydrofuran (THF) as the eluent were 
carried out using a high pressure liquid chromatography pump (PL-LC 1120 HPLC) and a 
refractive index detector (ERC-7515A) at 35°C. The eluting solvent was THF with 250 mg/L 
2,6-di-tert-butyl-4-methylphenol (Aldrich) and a flow rate of 1.0 mL/min. Four columns with 
MZ-DVB gel were applied: length of each column 300 mm, diameter 8 mm, diameter of the 
gel particles 5 µm, nominal pore widths 50, 100, 1000, 10000 Å. Calibration was achieved 
using poly(methyl methacrylate) (PMMA) standards.  
Differential scanning calorimetric (DSC) analyses were performed with a Netzsch DSC 204 
in nitrogen atmosphere with a heating rate of 10 K/min. Calibration was achieved using 
indium standard samples. 
Molecular modeling 
The modeling was performed using the SYBYL molecular modeling package 7.2 (Tripos 
Inc.) on an SGI Fuel UNIX workstation. The enzyme–substrate system was described using 
the Kollman All Atom force field for the purposes of energy-minimization calculations and 
molecular dynamics (MD) simulations.38,39 The CALB structure (PDB code 1TCA)40 and the 
tetrahedral intermediates of the substrates (γ-acyloxy-ε-caprolactones) were prepared as 
described earlier.41 For the molecular dynamics simulations, each energy-minimized CALB-
substrate system was run through an MD warm-up phase to a temperature of 300 K in a series 
of 30 steps at 10 K intervals, where the simulated duration of each interval was 1 ps. 
Thereafter, a 100 ps MD simulation was performed at 300 K for each system. A sample 
structure was extracted at every 1 ps from each simulation between 10 and 290 K and at 300 
K a sample structure was extracted at every 0.3 ps. 
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2.3 Results and Discussion 
Our goal was to polymerize acylated γ -hydroxy-ε-caprolactones 3a-d by means of chemical 
and enzymatic catalysis and to compare the two procedures. It was expected that 
enzymatically catalysed ring-opening polymerization occurs enantioselectively leading to an 
isotactic polymer as was shown for γ -methyl-ε-caprolactone34, while for chemically catalyzed 
ring-opening polymerization the polymers obtained should be atactic. 
The monomer synthesis (Scheme 5) was performed in two steps with 4-hydroxy-
cyclohexanone (1) as the starting material. Two procedures were followed with acylation and 
Baeyer-Villiger oxidation as the key steps. The first procedure starts with the acylation of 4-
hydroxy-cyclohexanone (1) followed by Baeyer-Villiger oxidation. This approach was 
successful leading to the monomers 3a-d with high purity. In the Baeyer-Villiger oxidation 
leading to γ -acryloyloxy- (3c), γ -methacryloyloxy-ε-caprolactone (3d), however, special 
attention had to be paid to the reaction conditions in order to avoid epoxidation of the C,C-
double bond. The second procedure starts with the Baeyer-Villiger oxidation of 4-hydroxy-
cyclohexanone (1). The final product of this reaction, however, was γ -hydroxyethyl-γ -
butyrolactone (5). Obviously, γ -hydroxy-ε-caprolactone (4) formed spontaneously rearranges 
to yield the thermodynamically more stable γ -butyrolactone derivative 5, which upon 
reaction with acetylchloride gave the corresponding acetate 6a.35  
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Scheme 5. Synthesis of γ -acetyloxy- (3a), γ -benzoyloxy (3b), γ -acryloyloxy (3c), γ -
methacryloyloxy-ε-caprolactone (3d), and γ -acetyloxyethyl-γ -butyrolactone (6a): (i) 
acylation, (ii) Bayer-Villiger oxidation 
 
The 13C NMR spectra of 3a and 6a (Figure 1) clearly prove the proposed structure. Especially 
sensitive to structural modifications are the signals of the carbon atoms adjacent to the ester 
groups, i.e. signals 1, 4, 6 and 7 in γ -acetyloxy-ε-caprolactone (3a) and γ -acetyloxyethyl-γ -
butyrolactone (6a). Quantitative 13C NMR or 1H NMR spectroscopy allows quantification of a 
mixture of both. 
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Figure 1. 13C NMR spectra of γ -acetyloxy-ε-caprolactone (3a) and γ -acetyloxyethyl-γ -
butyrolactone (6a). 
 
First attempts to polymerize γ -acetyloxy-ε-caprolactone (3a) in a controlled way by chemical 
catalysis failed; instead of the expected polymer a product mixture, with γ -acetyloxyethyl-γ -
butyrolactone (6a) was obtained as one of the major products, (Scheme 6). Representative 
experimental conditions are shown in Table 1.  
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Scheme 6. Ring-opening polymerization vs. rearrangement of γ -acyloxy-ε-caprolactones. 
 
Polymerization of 3a in toluene solution with aluminium isopropoxide as the initiator (No.1) 
showed at 25°C a monomer conversion of 75%; the product, however, was a mixture of 
rearranged lactone 6a (40%) and polymer 7a (35%). At 80°C after 15h (No.2) the monomer 
was consumed quantitatively leading to a mixture of 82% rearranged lactone 6a and 18% of a 
mixture of linear oligomers. The result with dibutyl magnesium as initiator at 80°C in toluene 
solution (No.3) was similar. Polymerization with zinc octoate and tin octoate as catalysts and 
3-phenylpropanol as initiator in toluene solution (No.4 and 5) occurred with lower rate; at 
25°C only 8 % of the monomer were converted and at 90 °C and 24 h the conversion 
increased to 55%, the main product, however, being again the rearranged lactone 6a. 
Polymerization in bulk at 100°C with zinc octoate as a catalyst and 3-phenylpropanol as the 
initiator (No. 6) after 5h showed beside residual monomer 17% a mixture of linear oligomers 
7a and 45% of the rearranged lactone 6a. After 48 h at 100°C (No. 7) the only product was 
the rearranged lactone 6a. Polymerization in bulk with tin octoate as a catalyst and 3-
phenylpropanol (No. 8) or poly(ethylene glycol)-monomethyl ether (MPEO3600, Mn = 3600) 
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as the initiator (No. 9) shows the same tendency: the starting monomer rearranged and no 
block copolymer was detected. 
In order to prove that these results are monomer specific we applied our experimental 
procedure to ε-caprolactone (CL) as the monomer. Using tin octoate / 3-phenylpropanol and 
aluminium isopropoxide as the initiator we found controlled polymerizations confirming the 
results reported in the literature,36 with tin octoate as the catalyst and MPEO3600 as the initiator 
the expected block copolymer was obtained.  
At this point we came to the conclusion that γ -acetyloxy-ε-caprolactone (3a) shows some 
special features during polymerization, which are the result of the acyloxy substituent. In the 
literature the only acyloxy-ε-caprolactone studied with respect to ring-opening polymerization 
using chemical catalysis is γ -acryloyloxy-ε-caprolactone (3c). We prepared this monomer as 
well as γ -methacryloyloxy-ε-caprolactone (3d) and γ -benzoyloxy-ε-caprolactone (3b) and 
studied their polymerization (Table 1). A controlled polymerization of all three monomers 
occurred at 25°C in toluene solution using aluminium isopropoxide as the initiator (No. 10, 
14, and 15). At 90 °C (No. 11), however, 3b was fully converted to the rearranged monomer 
6b. With zinc octoate / phenylpropanol at 90°C in toluene (No. 12) after 48 h 65% of 3b was 
converted to the polymer 7b, and at 130 °C (No. 13) the only product detected was polymer 
7b.  
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Table 1. Polymerization of γ-acyloxy-ε-caprolactones 3a-d by means of chemical catalysis. 
No. M Cat. Init. M/I Conditions 
Product ratio in %a) 
3 7 6 
1 3a Al(OiPr)3 50 toluene, 25˚C, 24h 25 35 40 
2 3a Al(OiPr)3 37 toluene, 80˚C, 15h  18 82 
3 3a Bu2Mg 37 toluene, 80˚C, 15h  10 90 
4 3a Zn(Oct)2 R-OH 67 toluene, 25˚C, 24h 92  8 
5 3a Sn(Oct)2 R-OH 50 toluene, 90˚C, 24h 45 10 45 
6 3a Zn(Oct)2 R-OH 50 bulk, 100˚C, 5h 38 17 45 
7 3a Zn(Oct)2 R-OH 67 bulk, 100˚C, 48h   100 
8 3a Sn(Oct)2 R-OH 67 bulk, 100˚C, 48h 14 13 73 
9 3a Sn(Oct)2 MPEO3600 23 bulk, 130˚C, 24h   100 
10 3b Al(OiPr))3 30 toluene, 25˚C, 24h  100  
11 3b Al(OiPr))3 30 toluene, 90˚C, 24h 
  100 
12 3b Zn(oct)2 R-OH 30 toluene, 90˚C, 48h 35 65  
13 3b Zn(oct)2 R-OH 30 bulk, 130˚C, 24h  100  
14 3c Al(OiPr))3 30 toluene, 25˚C, 24h  100  
15 3d Al(OiPr))3 27 toluene, 25˚C, 24h  100  
 
a)
 The product ratio was determined by means of NMR spectroscopy; ROH = 3-phenyl- propanol; MPEO3600 = 
poly(ethylene glycol)-monomethyl ether (Mn = 3600). 
 
NMR analysis of the polymers 7b, 7c, and 7d obtained via ring-opening polymerization using 
chemical catalysis shows a uniform microstructure. Exemplarily the 1H NMR spectra of γ -
methacryloyloxy-ε-caprolactone (3d) and of poly(γ -methacryloyloxy-ε-caprolactone) (7d) 
are shown (Figure 2).  
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Figure 2. 1H NMR spectra of γ -methacryloyloxy-ε-caprolactone (3d) and of 
poly(γ methacryloyloxy-ε-caprolactone) (7d). 
 
In the spectrum of the monomer distinct signals for protons of the CH2 groups adjacent to the 
endo-cyclic ester group indicate a frozen conformation of the ring at the conditions of the 
measurement. In the polymer these two CH2 groups show only one signal shifted to higher 
field proving the free rotation of the main polyester chain. In addition the signals of the vinyl 
protons are present, proving that no side reactions involving these groups occurred. 
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SEC analysis of selected experiments summarized in Table 2 show on the basis of PMMA 
standards a molar mass distribution Mw/Mn ≤ 1.3, which is in accord with a controlled 
polymerization. The molar mass of the polymer samples 7b, 7c, and 7d prepared under 
similar conditions ([M]/[I] = 30) and at quantitative monomer conversion varies between 
4000 and 5200.  
 
Table 2. Polymerization of γ-acyloxy-ε-caprolactones 3a-d by means of chemical catalysis; 
results obtained by SEC analysis in THF solution 
No.a) M Monomer, [M]/[I] 
Polymerization conditions 
7a-d 
(Yield %)b) Mn Mw Mw/Mn 
1 3a 
3a, 50   
Al(OiPr)3, toluene, 25˚C, 24h 7a (35) 2100 2800 1.32 
10 3b 
3b, 30 
Al(OiPr))3, toluene, 25˚C, 24h 7b (100) 4700 5700 1.20 
12 3b 
3b, 30 
Zn(oct)2/ROH, toluene, 90˚C, 
48h  
7b (65) 2100 2600 1.19 
13 3b 
3b, 30 
Zn(oct)2’/ROH, bulk, 130˚C, 
24h 
7b (100) 4100 5200 1.27 
14 3c 
3c, 30 
Al(OiPr))3, toluene, 25˚C, 24h 7c (100) 5200 6700 1.28 
15 3d 
3d, 27 
Al(OiPr))3, toluene, 25˚C, 24h 7d (100) 4000 5000 1.25 
 
a)
 The numbers correspond to those of Table 1. b) Determined via NMR analysis. 
 
First polymerization experiments with Novozyme as the catalyst were performed with ε-
caprolactone and γ -methyl-ε-caprolactone as monomer references. The polymerization of 
both monomers was reported in the literature and the results obtained were reproduced. 
Polymerization of ε-caprolactone with Novozyme as the catalyst and 3-phenylpropanol or 
MPEO2000 as the initiator lead to the expected homo and block polymers – poly(ε-
caprolactone) and poly(ethylene oxide)-block-poly(ε-caprolactone) – with control of molar 
mass and molar mass distribution. Polymerization of γ -methyl-ε-caprolactone with 
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Novozyme as the catalyst and 3-phenylpropanol as the initiator revealed that up to a monomer 
conversion of ca. 50% only one enantiomer was consumed leading to isotactic poly(γ -methyl-
ε-caprolactone) as reported in the literature31,37.  
The results obtained upon polymerization of γ -acyloxy-ε-caprolactones (3a-3d) with 
Novozyme as the catalyst are monomer specific (Table 3). With γ -acetyloxy-ε-caprolactone 
(3a) as the monomer and 3-phenylpropanol as the initiator in toluene solution at 25°C after 24 
h 89% of the starting monomer 3a is rearranged to yield 6a (No 1). At 70°C after 24 h (No. 2) 
only rearranged monomer was observed; in both cases no polymer is formed. Polymerization 
of 3a in bulk at 45°C after 8h beside unreacted monomer (40%) yields only rearranged 
monomer 6a (60%, No.3). Both 3a and 6a are racemic mixtures. Using the same monomer 
but MPEO3600 as the initiator at 70°C no block copolymer was formed, the monomer 3a was 
rearranged to give 6a (No 4).  
For comparison reasons all other monomers 3b-3d were polymerized at 25°C and 70°C. 
Using γ -benzoyloxy-ε-caprolactones (3b) and 3-phenylpropanol as the initiator at 25°C after 
72 h the monomer conversion was 32% (No 5) and at 70°C a monomer conversion of 64% 
was obtained (No. 6). In both cases only oligomers and no rearrangement was observed. 
Using γ -acryloyloxy-ε-caprolactones (3c) and 3-phenylpropanol as the initiator at 25°C after 
72 h the monomer conversion was 95 % (No 7). However, in this case 75% of rearranged 
monomer was observed beside 20% of oligomers. For this monomer no experiment was 
performed at 70°C. Using γ -methacryloyloxy-ε-caprolactones (3d) and 3-phenylpropanol as 
the initiator at 25°C after 72 h no conversion and after 168 h 45% conversion was observed 
(No 8 and No. 9). At 70°C at the same monomer to initiator ratio as used for No.8 and No.9 
the monomer conversion was 94%, with 82% of linear oligomers and 12% of rearranged 
monomer (No. 10).  
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Table 3. Polymerization of γ-acyloxy-ε-caprolactones 3a-d by means of enzymatic catalysis. 
No. M Novozyme 
in wt.% 
Init. M/I Conditions 
Product ratio in %a) 
3 7 6 
1 3a  10 R-OH 50 toluene, 25˚C, 24h 11  89 
2 3a  10 R-OH 50 toluene, 70˚C, 24h   100 
3 3a 6 R-OH 50 bulk, 45˚C, 8h 40  60 
4 3a   MPEO3600 23 bulk, 70˚C, 24h 10  90 
5 3b 10 R-OH 20 toluene, 25˚C, 72h 68   32 *  
6 3b 10 R-OH 50 toluene, 70˚C, 72h 36    64 *  
7 3c 10 R-OH 30 toluene, 25˚C, 72h 5 20 75 
8 3d 10 R-OH 30 toluene, 25˚C, 72h 100   
9 3d 10 R-OH 30 toluene, 25˚C, 168h 55 45  
10 3d 10 R-OH 30 toluene, 70˚C, 24h 6 82 12 
11 3d 10 R-OH 50 toluene, 70˚C, 72h 27 59 14 
 
a)
 The product ratio was determined by means of NMR spectroscopy; ROH = 3-phenyl- propanol; MPEO3600 = 
poly(ethylene glycol)-monomethyl ether (Mn = 3600); * the spectrum contains at δ = 166.91 ppm an additional 
not assigned signal of low intensity. 
 
By increasing the monomer to initiator ratio from [M]/[I] = 30 to 50 the monomer conversion 
slows down (No. 11) the product ratio, however, remains nearly unchanged. 
 
Molecular modeling 
In order to gain information on the substrate recognition displayed by Candida antarctica 
lipase B (CALB) towards the γ-ester and the lactone ester of γ-acyloxy-ε-caprolactones (3a-
d), a molecular dynamics (MD) study was performed. The γ-acetyloxy-ε-caprolactone (3a) 
and the γ-benzoyloxy-ε-caprolactone (3b) were chosen as substrates, since 3a resulted 
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exclusively in the rearrangement product 6a and 3b in the polymer 7b (Table 3, No.1,2 and 
5,6). Both substrates (acyl donors) were covalently connected to Ser105 as tetrahedral 
intermediates, in order to simulate the transition-state (TS) in the formation of the acyl-
enzyme (the activated ester/monomer) complex using the γ-ester carbonyl (resulting in 
rearrangement products) and the lactone ester carbonyl (resulting in polymers), respectively 
(Figure 3). The results from the molecular modeling showed that substrates 3a and 3b can be 
accommodated in the active-site of CALB as productive transition-states for both the γ-ester 
and the lactone ester with the essential hydrogen bonds developed as illustrated in Figure 3. 
The negatively charged oxygen formed upon attack by Ser(105)-OH at the ester carbonyl is 
stabilised in the “oxy-anion hole” of the enzyme (Thr40, Gly106). In addition, hydrogen 
bonds are created between the general base/acid (His224) and the oxygen of Ser105 
(nucleophile) and the oxygen of the alcohol leaving group of the substrates. In the lactone 
ester TS the two substrates occupy the same site in the enzyme and the γ-acyloxy side-chains 
point toward the entrance of the active site (Figure 3a and 3c). The benzoyloxy group is 
located near the enzyme surface. In the contrast, in the γ-ester TS the γ-acyloxy groups are 
situated deep in the active site (Figure 3b and 3c).  
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Figure 3. MD simulated transition-state (TS) structures of γ-acyloxy-ε-caprolactones in the 
formation of the acyl-enzyme in CALB. TS structures (substrate connected to Ser105)  
colored by atom-type. Catalytic base/acid (His224) and oxy-anion hole residues (Gln106, 
Thr40) in yellow. Binding-site residues in CALB colored in green (γ−benzoyloxy-ε-
caprolactone TS structures) and in blue (γ-acetyloxy-ε-caprolactone TS structures). 
3a: The lactone ester TS of γ-acetyloxy-ε-caprolactone (binding site residues in blue) and 
γ−benzoyloxy-ε-caprolactone (binding site residues in green). The methyl group in the γ-
acetyloxy group is colored in purple. 
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3b: The γ−ester TS of  γ-acetyloxy-ε-caprolactone (binding site residues in blue) and 
γ−benzoyloxy-ε-caprolactone (binding site residues in green). The methyl group in the γ-
acetyloxy group is colored in purple. 
Chapter 2 
51 
 
 
3c: Ribbon structure (backbone) of CALB with the simulated TS structures of γ-benzoyloxy-
ε-caprolactone in the γ−ester TS (blue) and in the lactone ester TS (red). 
 
Further analysis of the MD simulations showed an increased rearrangement in the enzyme 
backbone structure (as compared with the starting structure) when the γ-benzoyloxy-ε-
caprolactone, as compared with γ-acetyloxy-ε-caprolactone, is docked in the γ-ester TS as 
seen in Figure Ib. In addition, analysis of the root-mean-square (rms) deviation of the protein 
backbone during the simulations showed larger structural changes for the γ-benzoyloxy ester 
TS as compared with the other three ester TS structures (Figure 4). 
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Figure 4. The RMS distance from the starting structure of the enzyme backbone atoms in the 
MD-simulations as a function of  time. 
 
This indicates that the lipase needs to make larger structural rearrangements in order to 
accommodate the benzoyloxy group as compared with the acetyloxy group in the γ-ester TS. 
In the lactone ester TS the enzyme structures of the two substrates are similar throughout the 
simulation (Figure 3a and 4). These structural changes observed during the simulation 
indicate unfavourable interactions in the binding of the γ-benzoyloxy ester TS in the enzyme 
and offer an explanation for the different products achieved for the γ-benzoyloxy and the γ-
acetyloxy substrates. 
 
Mechanistic consideration. 
Polymerization of γ−acetoxy-ε-caprolactone (3a-d) using different chemical catalysts, 
different initiators and different reaction conditions showed no uniform reaction course; 
beside the chain growth reaction leading to linear polymers, rearrangement of the monomer 
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takes place. Scheme 3 summarizes our mechanistic view using tin octoate as a catalyst and an 
alcohol (In-OH) as the initiator giving an explanation for the observed results. In the first step 
the catalyst activates the initiator which then reacts via nucleophilic attack with one of the 
carbonyl groups of the monomer. Reaction with the exo-cyclic carbonyl group results in an 
activated γ-hydroxy-ε-caprolactone 4* (cf. Scheme 5) which would induce the rearrangement. 
Nucleophilic attack at the endo-cyclic carbonyl carbon inducing ring opening via acyl-oxygen 
cleavage and formation of the intermediate 8a-d (Scheme 7) is expected to be favoured 
compared to a nucleophilic attack at the exo-cyclic carbonyl carbon due to the ring strain 
(cisoid conformation of the functional group). Chain growth reaction occurs if the active 
species in 8a-d reacts with monomer. However, intramolecular complexation of the active site 
by the ester group in γ-position leads to a transition state for an intramolecular rearrangement 
reaction.  
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Scheme 7. Mechanistic proposal of the rearrangement of γ-acyloxy-ε-caprolactones under 
polymerization conditions using tin octoate as a catalyst.  
 
In the rearranged product (cf. structure 9a-d) the active site and the acyloxy group have 
changed their position: the acyloxy group is located at the primary carbon atom and the active 
species at the secondary carbon atom. It is expected that ring closure via nucleophilic attack 
of the active species in 9a-d at the carbonyl carbon in γ-position leads to the formation of γ-
acetyloxyethyl-γ-butyrolactone (6a-d) which is thermodynamically more stable. 
Finally the question must be answered, why the γ-acyloxy-ε-caprolactones 3a-d give different 
results with respect to the product ratio polymer/rearranged monomer. The answer to this 
question is related to the ability of the R group in the acyl moiety to donate electrons or to 
withdraw electrons. The mobility of the acyl group is higher for electron donating R groups: 
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this means that in the case of γ-acetyloxy-ε-caprolactone 3a rearrangement will be preferred 
compared to γ-benzoyloxy-ε-caprolactone 3d. Finally, for the same monomer upon increasing 
the temperature, rearrangement will be favoured due to lower selectivity under more severe 
conditions. 
Polymerization of all γ-acyloxy-ε-caprolactones (3a-d) using Novozyme as a catalyst showed 
a non-uniform reaction course, too: the monomers were partly converted to γ-acyloxyethyl-γ-
butyrolactones (6a-d) and partly to linear oligomers, the product ratio being dependent on the 
chemical nature of the acyl group (R-CO) and on temperature. However, our mechanistic 
interpretation for the rearrangement is different from that presented for the chemically 
catalyzed conversion (Scheme 8). If the lipase used reacts preferentially or exclusively with 
the exo-cyclic ester group via transesterification, γ-hydroxy-ε-caprolactone (4) and enzyme 
activated acetate is formed. It is known that γ-hydroxy-ε-caprolactone is unstable and is 
readily converted to γ-hydroxyethyl-γ-butyrolactone (11). This reacts with the enzyme 
activated acetate resulting in the thermodynamically stable end product 6a. If the lipase used 
reacts preferentially or exclusively with the endo-cyclic ester group via transesterification the 
enzyme activated monomer 10 is formed which is a prerequisite for polymer formation. 
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Scheme 8. Mechanistic consideration of the rearrangement of γ-acyloxy-ε-caprolactones 
under polymerization conditions using enzymatic catalysis. 
 
2.5 Conclusions  
γ-Acyloxy-ε-caprolactones were successfully prepared in two steps starting with 4-hydroxyl-
cyclohexanone. The resulting monomers 3a-d are thermodynamically less stable than their 
structural isomers the γ-acyloxyethyl-γ-butyrolactones 6a-d. In order to avoid isomerization 
during polymerization mild reaction conditions were applied. Polymers with γ-acyloxy-ε-
caprolactone repeating units 7a-d were successfully prepared.  
The polymerization of functional monomers is a complex process, especially when it concerns 
polymerization of lactones with ester side groups with the help of insertion catalysts. The 
possibility of interaction of these catalysts with endo-cyclic polymerization-active groups and 
exo-cyclic ester functions leads to different reaction pathways. In the case of γ-acyloxy-ε-
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caprolactones these different possibilities give rise to linear polymers via chain growth and to 
rearrangement products; structural differences of the acyl function cause these different 
reaction pathways. 
The enzyme catalyzed polymerization of γ-acyloxy-ε-caprolactone is a complex process, too. 
The activity of the endo- and exo-cyclic ester groups towards lipase is the decisive factor for 
this. If the endo-cyclic ester function reacts preferentially with lipase, linear polyester with 
ester side chains develop. If, however, the acyl lipase is favoured because of reaction of the 
exo-cyclic ester group, rearrangement of the ε-caprolactone takes place leading to the 
formation of γ-butyrolactone. Modeling of these procedures has helped clarify the molecular 
course of the reaction. 
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CHAPTER 3 
2D- AND 3D-MICROSTRUCTURED BIODEGRADABLE POLYESTER 
RESINS 
3.1  Introduction 
The past two decades have seen an increasing interest in biodegradable polymers for 
biomedical applications including pharmaceutical products such as wound dressings1 and 
resorbable surgical sutures2, controlled drug delivery systems3,4 and scaffolds.5-7 Considerable 
effort has been focused on the development of synthetic polymers which offer the advantage 
over natural polymers of tailoring important characteristics such as degradation rate and 
mechanical properties. Among the families of synthetic biodegradable polymers, aliphatic 
polyesters such as poly(ε-caprolactone) (PCL), polylactide (PLA), and polyglycolide (PGA) 
are of great interest because of their ability to be hydrolysed into the corresponding hydroxy 
acid constituents, which are then eliminated from the organism by metabolic pathways.8,9 
Aliphatic polyesters of controlled molecular weight and with narrow molecular weight 
distribution are synthesized in the form of random, block, and graft copolymers via ring 
opening polymerization (ROP) of the parent cyclic esters initiated with aluminium 
alkoxides.10-12 The monomer selection affects material properties including crystallinity, 
melting and glass transition temperatures and, as a consequence, the degradation rate.13 
Recently, special effort has been devoted to the integration of pendant functional groups into 
biodegradable polymers with the aim of creating a superior class of biodegradable materials 
with important additional, i.e. tuneable properties determined by the nature and density of the 
functional groups, such as crystallinity, melting temperature, biodegradability, hydrophilicity, 
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bioadhesion and drug attachment. Particularly, the addition of functional pendant double 
bonds provides the possibility for further processing and (bio)functionalization. Despite the 
potential of such materials, there are only few examples of such copolymers in literature14-17 
and, to the best of our knowledge, there is no report on the preparation of microstructured 
surfaces or objects based on these copolymers. 
The aim of this paper is to prepare novel biodegradable polyester resins based on functional 
polyesters obtained by copolymerization of ε-caprolactone and two functional lactones, γ-
acryloyloxy-ε-caprolactone (ACL) and γ-methacryloyloxy-ε-caprolactone (MCL). The cyclic 
esters were generated via Baeyer-Villiger oxidation of the corresponding 4-acyloyloxy-
cyclohexanone derivatives. Copolymers with different content of either acryloyloxy or 
methacryloyloxy functional groups were prepared via ring opening polymerization of γ-
acyloxy-ε-caprolactones and ε-caprolactone using  Al(OiPr)3 as catalyst and initiator. We 
exploit the pendant double bonds to form novel polyester resins by photo crosslinking and we 
demonstrate the processability of these materials by fabrication of microstructured substrates 
with a variety of patterns such as pillars, holes, ridges and grooves with different aspect ratios. 
We choose UV replica moulding as patterning technique because it is a fast, flexible, 
relatively inexpensive process suitable for production scale-up. 
The application of micro fabrication techniques to biodegradable materials opens up the 
possibility of creating a variety of new drug delivery systems18-20 and cell-based tissue 
engineering systems21-24 with precise control over the device’s structure, size and surface 
topography.  
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3.2 Experimental Part 
Materials 
Acryloyl chloride (Aldrich), methacryloyl chloride (Fluka), triethylamine (Riedel de Haën), 3-
chloroperoxybenzoic acid (75% purity, Acros Organics), ε-caprolactone (≥99%, Fluka), 
aluminium isopropoxide (Aldrich), Irgacure 819 (Ciba Specialty Chemicals) were used as 
received. 4-Hydroxy-cyclohexanone (Lanxess) was distilled before use. 
All reactions were carried out in nitrogen atmosphere. Nitrogen (Linde, 5.0) was passed over 
molecular sieves (4 Å) and finely distributed potassium on aluminium oxide. 
Syntheses 
4-Acryloyloxy-cyclohexanone (2a). 4-Hydroxy-cyclohexanone 1 (10.00 g, 87.72 mmol) was 
dissolved in CH2Cl2 (100 mL) and triethylamine (13.30 g, 131.58 mmol). The solution was 
cooled to 0°C, acryloyl chloride (11.91 g, 131.58 mmol) was slowly added and the 
temperature was kept below 5°C. The reaction was stirred for 24h at RT. Triethylamine 
hydrochloride was removed by filtration and the solution was washed with H2O. The organic 
phase was dried over Na2SO4 and the solvent was removed by distillation (~20 mbar, 40°C). 
(Yield: 68 %). 
4-Methacryloyloxy-cyclohexanone (2b) was prepared according to the same procedure. 
(Yield: 72 %). NMR assignments of 2a and 2b cf. Scheme 1.  
4-Acryloyloxy-cyclohexanone (2a)  
1H NMR (300 MHz, CDCl3-d): δ = 2.04-2.19 (m, 2H, H3, 2H, H5), 2.31-2.46 (m, 1H, H2, 
1H, H6 ), 2.49-2.65 (m, 1H, H2, 1H, H6), 5.20-5.31 (m, 1H, H4) 5.88 (q, 1H, H9), 6.08-6.24 
(m, 1H, H8), 6.44 (q, 1H, H9) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 30.32 (C3,C5), 37.16 (C2,C6), 68.64 (C4), 128.42 (C9), 
131.04 (C8), 165.30 (C7), 209.56 (C1) ppm. 
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4-Methacryloyloxy-cyclohexanone (2b)  
1H NMR (300 MHz, CDCl3-d): δ = 1.98 (s, 3H, H10), 2.07-2.22 (m, 2H, H3, 2H, H5), 2.39 
(td, 1H, H2, 1H, H6 ), 2.58 (ddd, 1H, H2, 1H, H6), 5.19-5.29 (m, 1H, H4) 5.62 (d, J = 1.58 Hz, 
1H, H9), 6.14 (t, 1H, H9) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 18.33 (C10), 30.45 (C3,C5), 37.26 (C2,C6), 68.69 (C4), 
125.80 (C9), 136.44 (C8), 166.55 (C7), 209.80 (C1) ppm. 
 
Scheme 1. Structure of 4-acryloyloxy-cyclohexanone 2a, 4-methacryloyloxy-cyclohexanone 
2b with numbers for NMR assignment. 
 
γ-Acryloyloxy-ε-caprolactone (3a). 4-Acryloyloxy-cyclohexanone 2a (9.27 g, 55.17 mmol) 
was dissolved in CH2Cl2 (100 mL). After addition of 3-chloroperoxy-benzoic acid (16.32 g, 
66.20 mmol), the solution was stirred for 24 h at room temperature. 3-Chlorobenzoic acid was 
removed by filtration and the solution was washed with 10 wt.% aq. solution Na2CO3 and 
H2O. The organic phase was dried over Na2CO3 and the solvent was removed by distillation 
(~20 mbar, 40°C). The lactone 3a was purified by column chromatography on silica gel using 
hexane/EtOAc as the eluting solvent mixture with increasing content of EtOAc (20-, 30- and 
40 vol.-% EtOAc in hexane). The monomer was obtained as a viscous liquid. A stabilizing 
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agent (2,6-di-tert-butyl-4-methylphenol, BHT) was added, in order to prevent adventitious 
radical polymerization. Yield: 35 %. 
4-Methacryloyloxy-cyclohexanone (3b) was prepared according to the same procedure. 
Yield: 40 %. NMR assignments of 3a and 3b cf. Scheme 2.  
γ-Acryloyloxy-ε-caprolactone (3a) 
1H NMR (300 MHz, CDCl3-d): δ = 2.04 (td, 1H, H3, 1H, H5), 2.08-2.18 (m, 1H, H3, 1H, H5), 
2.50-2.63 (m, 1H, H2), 2.87-3.00 (m, 1H, H2 ), 4.12-4.24 (m, 1H, H6), 4.48 (ddd, 1H, H6), 
5.21 (td, 1H, H4), 5.85-5.94 (m, 1H, H9), 6.07-6.21 (m, 1H, H8), 6.43 (td, 1H, H9) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 27.47 (C3), 28.40 (C2), 33.91 (C5), 63.47 (C6), 70.09 (C4), 
128.18 (C9), 131.43 (C8), 164.89 (C7), 174.95 (C1) ppm. 
γ-Methacryloyloxy-ε-caprolactone (3b) 
1H NMR (300 MHz, CDCl3-d): δ = 1.97 (s, 3H, H10), 2.04 (dt, 1H, H3, 1H, H5), 2.13 (tt, 1H, 
H3, 1H, H5), 2.51-2.63 (m, 1H, H2), 2.88-3.01 (m, 1H, H2), 4.19 (ddd, 1H, H6), 4.48 (ddd, 1H, 
H6), 5.13-5.26 (m, 1H, H4), 5.63 (d, J = 1.52 Hz, 1H, H9), 6.14 (s, 1H, H9) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 18.18 (C10), 27.48 (C3), 28.40 (C2), 33.91 (C5), 63.48 
(C6), 70.05 (C4), 125.99 (C9), 136.13 (C8), 165.99 (C7), 174.98 (C1) ppm. 
 
Scheme 2. Structure of γ-acryloyloxy-ε-caprolactone 3a, γ-methacryloyloxy-ε-caprolactone 
3b and numbers for NMR assignment. 
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Poly(ε-caprolactone-co-γ-acryloyloxy-ε-caprolactone) (4a) (P(CL70-co-ACL30)). γ-
Acryloyloxy-ε-caprolactone 3b (1.04 g, 5.65 mmol, 30 mol%), ε-caprolactone (1.51 g, 13.24 
mmol, 70 mol%), Al(OiPr)3 (77.00 mg, 0.37 mmol) and toluene (3 mL) were stirred at 25°C 
for 24 h. Then, an excess of dilute H3PO4 (5%) in MeOH was added. The polymer was 
recovered by precipitation in cold hexane. The precipitate was separated by decantation and 
was dried in vacuum up to constant weight. 
All P(CLx-co-ACLy) and P(CLx-co-MCLy) copolymers were prepared according to the same 
procedure. NMR assignments of P(CLx-co-ACLy) (4a) and P(CLx-co-MCLy) (4b) cf. 
Scheme 3.  
Poly(ε-caprolactone-co-γ-acryloyloxy-ε-caprolactone) (4a). 
1H NMR (300 MHz, CDCl3-d): δ = 1.30-1.46 (m, 2H, H13), 1.55-1.73 (m, 2H, H12, 2H, H14), 
1.86-2.06 (m, 2H, H3, 2H, H5), 2.23-2.41 (m, 2H, H2, 2H, H11), 3.99-4.16 (m, 2H, H6, 2H, 
H15), 5.05-5.19 (m, 1H, H4), 5.85 (d, 1H, H9), 6.10 (dd, 1H, H8) 6.40 (t, 1H, H9) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 24.55 (C13), 25.51 (C12), 28.32 (C14), 29.38 (C2), 30.08 
(C3), 33.13 (C5), 34.09 (C11), 60.51 (C6), 64.12 (C15), 70.35 (C4), 128.27 (C9), 131.12 (C8), 
165.59 (C7), 172.79 (C1), 173.33 (C10) ppm. 
Poly(ε-caprolactone-co-γ-methacryloyloxy-ε-caprolactone) (4b)  
1H NMR (300 MHz, CDCl3-d): δ = 1.39 (td, 2H, H14), 1.65 (dd, 2H, H13, 2H, H15), 1.85-2.05 
(m, 2H, H3, 2H, H5, 3H, H10), 2.23-2.40 (m, 2H, H2, 2H, H12), 4.08 (td, 2H, H6, 2H, H16), 5.11 
(dd, 1H, H4), 5.57 (d, 1H, H9), 6.11 (d, 1H, H9) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 18.33 (C10), 24.56 (C14), 25.51 (C13), 28.33 (C15), 29.37 
(C2), 30.09 (C3), 33.13 (C5), 34.10 (C12), 60.56 (C6), 64.13 (C16), 70.45 (C4), 125.71 (C9), 
136.14 (C8), 166.75 (C7), 172.83 (C1), 173.35 (C11) ppm. 
Chapter 3 
67 
 
 
Scheme 3. Structure of poly(ε-caprolactone-co-γ-acryloyloxy-ε-caprolactone) 4a, poly(ε-
caprolactone-co-γ-methacryloyloxy-ε-caprolactone) 4b with numbers for NMR assignment. 
 
Measurements 
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 
300 MHz and 75 MHz, respectively. Chloroform-d (CDCl3), was used as solvent and 
tetramethylsilane (TMS) served as the internal standard.                                  
Size exclusion chromatography (SEC) analyses with tetrahydrofuran (THF) as the eluent were 
carried out using a high pressure liquid chromatography pump (PL-LC 1120 HPLC) and a 
refractive index detector (ERC-7515A) at 35°C. The eluting solvent was THF with 250 mg/L 
2,6-di-tert-butyl-4-methylphenol (Aldrich) and a flow rate of 1.0 mL/min. Four columns with 
MZ-DVB gel were applied: length of each column 300 mm, diameter 8 mm, diameter of the 
gel particles 5 µm, nominal pore widths 50, 100, 1000, 10000 Å. Calibration was achieved 
using poly(methyl methacrylate) (PMMA) standards.  
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Differential scanning calorimetric (DSC) analyses were performed with a Netzsch DSC 204 
in nitrogen atmosphere with a heating rate of 10 K/min. Calibration was achieved using 
indium standard samples. 
GC analysis were perform with an Ivadex 7 column (L = 25 m), at 110°C isotherm. 
Photolithography 
The biodegradable polyesters were microstructured by photolithography using silicon wafers 
as substrates. 
Substrates: Silicon wafers (375 µm thick, CrysTec GmbH, Berlin, Germany) were cut into 
15x15 cm2 pieces. The pieces were cleaned in an ultrasonic bath in acetone, deionized water 
and isopropanol, each solvent for two minutes. 
Spin coating: Silicon wafers were spin coated using a solution of copolymer (20 wt.%) and 
photoinitiator (1 wt.% Irgacure 819, referring to the mass of the polymer) in chloroform. Spin 
coating was carried out at a constant rotation speed (2000 rpm) for 60-120 s; coated substrates 
were stored in the dark. 
Microstructuring: Copper Transmission Electron Microscopy (TEM) grids were used as 
shadow masks for photolithography (Plano, Marburg, Germany, 100 and 300 mesh hexagon, 
diameter 3 mm). Irradiation was done in ambient air with a standard low-pressure laboratory 
UV lamp (Dr Gröbel UV-Elektronik, Germany; λ = 366 nm; measured intensity: 0.4 mWcm−2 
at a distance of 10 cm for 30 min). After irradiation, the polymer layers were developed by 
dissolving the unexposed polymer in CH2Cl2/toluene for 5 min at room temperature. 
UV Replica Moulding  
The biodegradable polyesters were microstructured by UV replica moulding using rigid 
(silicon wafer) and elastic (poly(dimethylsiloxane), PDMS) masters. Solutions of the 
copolymers (20 wt.%) and photoinitiator (Irgacure 819, 1 wt.% with respect to the monomer) 
in chloroform were deposited on the master, irradiated with UV light (λ=366 nm, 10-30 min) 
and carefully peeled off. 
Chapter 3 
69 
 
Silicon wafer masters fabrication: A silicon wafer was patterned by conventional 
photolithography. Briefly, a layer of Ti35 SE photoresist (Olin Microelectronic Materials 
Norwalk, CT, USA) was spin-coated on top of the silicon wafer and exposed through a 
lithography mask. The mask consisted of a glass plate with a chromium layer defining the 
micro patterns. After exposure (λ=365 nm), the resist layer was developed leaving on the 
silicon surface the same patterns present on the mask. The silicon was then etched to a depth 
of 9 µm by Deep Reactive Ion Etching (DRIE) and, subsequently, the photoresist was stripped 
in oxygen plasma. The processed silicon wafer featured a set of 4 different patterns: pillars of 
different diameter and interdistance (3 µm diameter with 10 µm center-center distance, 5 µm 
diameter with 20 µm center-center distance, 10 µm diameter with 20 µm center-center 
distance) and grooves (5 µm grooves, 15 µm ridges). The silicon surface was covered by a 
layer of plasma deposited fluorocarbon to facilitate the release process during replica 
moulding. 
PDMS masters fabrication: The PDMS prepolymer and curing agent (Sylgard 184, Dow 
Corning) were mixed in a 10:1 ratio (v/v), degassed under vacuum, poured onto the silicon 
master, and cured at 80°C for 2 h. The PDMS replica was then carefully peeled off. In this 
way PDMS masters with inverse geometry (holes and ridges) were obtained. 
 
3.3 Results and Discussion 
Our approach for the preparation of 2D- and 3D-microstructures – structured surfaces and 
structured objects – comprises the preparation of the functional monomers γ-acryloyloxy-ε-
caprolactone (ACL) and γ-methacryloyloxy-ε-caprolactone (MCL), their copolymerization 
with ε-caprolactone to prepare random copolymers and finally the preparation of 
microstructured surfaces via UV-photolithography and of microstructured objects via UV-
replica moulding (Scheme 4).  
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Scheme 4.  Flow chart for the preparation of 2D- and 3D-microstructures (microstructured 
surfaces and objects). 
 
 Monomer synthesis 
The general synthetic strategy for the preparation of the functional ε-caprolactone monomers 
(3a-b) comprises two steps (Scheme 5): In the first step 4-hydroxy-cyclo-hexanone (1) is 
acylated using acryloyl or methacryloyl chloride in the presence of triethylamine as acid 
scavenger. In the second, the key step, Baeyer-Villiger oxidation occurs with 3-chloro 
peroxybenzoic acid as a reagent. In the Baeyer-Villiger oxidation, special attention has to be 
paid to the reaction conditions in order to avoid epoxidation of the C,C-double bond. Removal 
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of last traces of carboxylic acid is a challenge; however, the functional ε-caprolactone 
monomers (3a-b) were obtained in high purity. 
 
Scheme 5.  Synthesis of γ-acryloyloxy-ε-caprolactone (3a) and γ-methacryloyloxy-ε-
caprolactone (3b): (i) acylation, (ii) Baeyer-Villiger oxidation. 
 
The 1H NMR spectra of the monomers clearly prove their structure. The ratio of the integrals 
of the resonance lines of all protons is as expected. The 1H NMR spectrum of 3b (Figure 1) 
exemplifies the assignment of the resonance signals. Distinct signals of the methylene protons 
adjacent to the endo-cyclic ester group (signal 1 and 5) indicate a frozen conformation of the 
ring at the conditions of the measurement. Furthermore the correct ratio of protons attached to 
the caprolactone ring (e.g. signal 1, 3, and 5) and those of the side groups (signal 6 and 7) 
prove that no epoxidation of the C,C-double bond has taken place.    
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Figure 1. 1H NMR spectra of γ-methacryloyloxy-ε-caprolactone (3b). 
 
Analysis of the acylated γ-hydroxy-ε-caprolactones 3a-b via gas chromatography with chiral 
columns revealed that a racemic mixture of monomers was obtained. 
 
Copolymer synthesis 
Copolymerization of monomers 3a and 3b with ε-caprolactone at 25°C in toluene solution 
using aluminium isopropoxide as the initiator leads to nearly quantitative monomer 
conversion and results in copolymers with predetermined composition, molar mass, and a 
most probable distribution of the molar mass (Table 1). 
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Table 1. Molecular weight and microstructure of poly(CL-co-ACL) and poly(CL-co-MCL) 
copolymers. 
Co-
polymer 
Mole ratio in 
feed (%) 
 Polymer 
composition 
(%)a Mn
b 
 
SECc Yield 
% 
Sequence 
length 
CL ACL/MCL CL 
ACL/
MCL Mn PDI LCL 
LACL/
LMCL 
P(CL90-co-
ACL10) 90 10 
 90 10 2900 5000 2.29 94 14.5 1.1 
P(CL80-co-
ACL20) 80 20 
 82 18 3400 6600 2.01 95 6.4 1.2 
P(CL70-co-
ACL30) 70 30 
 78 22 3100 6000 2.30 100 4.3 1.2 
P(CL50-co-
ACL50) 50 50 
 58 42 3200 6200 2.18 100 2.4 1.8 
P(CL90-co-
MCL10) 90 10 
 91 9 4000 8000 2.20 95 11.3 1.1 
P(CL80-co-
MCL20) 80 20 
 82 18 3900 8000 1.91 95 5.6 1.2 
P(CL70-co-
MCL30) 70 30 
 75 25 3000 5700 2.30 100 4.2 1.3 
P(CL50-co-
MCL50) 50 50 
 56 44 4100 6600 1.97 90 2.2 1.7 
 
a
 Determined by 1H NMR; b Molecular weight determined by 1H NMR; c Apparent molecular weight and 
polydispersity index as determined by means of size exclusion chromatography (SEC) in THF at 35 °C using 
PMMA standards.  
 
SEC analyses show a polydispersity index (PDI) of ca. 2, and a number average molecular 
weight in the expected range. As a representative example, the 1H NMR spectrum of the 
copolymer P(CL50-co-MCL50) (Figure 2) shows only the major peaks of the building blocks 
and the end groups. The resonance lines associated with the protons of each repeating unit are 
clearly observed with no evidence of adverse side reactions or transesterification reactions 
with participation of the ester side groups. In addition, the signals of the vinyl protons are 
present, proving that no side reactions involving these groups occurred. Quantitative 13C NMR 
spectra were used to confirm the structural assignment of the 1H NMR spectra and 
additionally to determine the polymer microstructure – the diad concentration and sequence 
length.  
2D- and 3D-microstructured biodegradable polyester resins 
74 
 
 
Figure 2. 1H NMR spectrum of poly(ε-caprolactone-co- γ-methacryloyloxy-ε-caprolactone) 
(P(CL50-co-MCL50)). (I = CH(CH3)2). 
 
Sequence analysis  
Sequence analysis was carried out using signals of the carbonyl region in the 13C NMR 
spectra because of the higher sensitivity to sequence effects as compared with 1H NMR 
spectra.25 For poly(CL-co-MCL) (Figure 3) the 13C NMR spectrum shows four different peaks 
for the carbonyl groups: the homo-diads appear at the highest and lowest field and the hetero-
diads are assigned to the central signals.  
 
Figure 3. Expanded 13C NMR spectrum of the carbonyl region of poly(CL50-co-MCL50). 
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The average sequence lengths, LCL and LMCL, can be calculated from the area of the diad 
signals using the following equations: 
 
where e.g. ICL-MCL is the intensity of the carbonyl signal representing the CL-MCL diad. The 
sequence length of poly(CL-co-ACL) was determined in the same manner. All sequence 
length values are given in Table 1. 
The molar fraction of γ-acryloyloxy-ε-caprolactone (MFACL) and γ-methacryloyloxy-ε-
caprolactone (MFMCL) repeating units in each copolymer was calculated from the sequence 
length using the following equations: 
 
As shown in Table 2 the MFACL and MFMCL values are in good agreement with the values 
obtained via 1H NMR analysis within the limits of experimental error, which confirms the 
interpretation of the 13C NMR spectra. 
 
Table 2.  Molar fraction of repeating units as determined from 1H NMR and 13C NMR spectra 
of the copolymers P(CL-co-ACL) and P(CL-co-MCL). 
Copolymer 
MFACL or MFMCL 
(1H NMR) LCL LACL or LMCL 
MFACL or MFMCL 
(13C NMR) 
P(CL90-co-ACL10) 0.10 14.5 1.1 0.07 
P(CL80-co-ACL20) 0.18 6.4 1.2 0.16 
P(CL70-co-ACL30) 0.22 4.3 1.2 0.22 
P(CL50-co-ACL50) 0.42 2.4 1.8 0.43 
P(CL90-co-MCL10) 0.09 11.3 1.1 0.09 
P(CL80-co-MCL20) 0.18 5.6 1.2 0.18 
P(CL70-co-MCL30) 0.25 4.2 1.3 0.24 
P(CL50-co-MCL50) 0.44 2.2 1.7 0.44 
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Crosslinking reaction 
Novel biodegradable polyester resins were prepared by photo crosslinking reaction of the 
linear functional polyesters as is shown in Scheme 6. 
 
Scheme 6. Photo crosslinking of polyesters bearing acrylate and methacrylate pendant groups. 
 
Photochemical crosslinking of the pendant functional groups was carried out on polymer 
films or layers prepared from a solution of the copolymer and Irgacure 819 as photoinitiator, 
in CHCl3. The samples were irradiated for 30 min at a distance of 5 cm between the UV lamp 
and the sample. The polymer reacts quantitatively to yield an insoluble product proving 
successful crosslinking. 
 
Photolithography 
Irradiation of a spin coated polymer layer on a suitable substrate with UV light through a 
lithographic mask results in the crosslinking of the polymer in the exposed areas. By 
subsequently placing the substrate in a solvent capable of dissolving the non-crosslinked 
polymer (layer development), only the UV exposed crosslinked polymer pattern is left on the 
substrate (Figure 4). 
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Figure 4. Schematic representation of the photolithography process: a) spin coating of the 
layer on the substrate; b) UV irradiation through a mask; c) layer development. 
 
Microstructuring experiments were performed with poly(CL50-co-MCL50) and poly (CL50-co-
ACL50) layers on silicon substrates. Crosslinking of both polymers was achieved by UV 
irradiation in the presence of the photoinitiator Irgacure 819. During the irradiation TEM 
grids with hexagonal holes (mesh 100 for poly(CL-co-MCL) and mesh 300 for poly(CL-co-
ACL)) were positioned on the spin coated polymer layers to act as a shadow mask. The result 
of the photolithographic patterning of the poly(CL50-co-MCL50) and poly(CL50-co-ACL50) 
layers is shown in Figure 5. Figure 5a shows the crosslinked polymer layer (poly(CL50-co-
MCL50)) with the TEM grid before development. The contact photolithography (TEM grids in 
contact with the polymer layer) using a light source with non parallel beams of light results in 
a non-uniform irradiation and consequently in a non-uniform crosslinking. Due to this fact the 
irradiated area is not uniform in brightness (bright spots are close to the shadow mask). Figure 
5b shows the same sample after removal of the TEM grid and development. The hexagonal 
areas represent the exposed polymer left on the surface after development in CH2Cl2/toluene. 
The areas inbetween are the bare silicon substrate. Figure 5c shows the microstructured 
surface of a crosslinked poly(CL50-co-ACL50) layer using a TEM grid shadow mask mesh 
300. These patterns are more uniform and the development is more effective with the same 
solvent mixture. Moreover,  it is observed that the layer thickness close to the border is 
higher. This is explained by the displacement of the polymer upon pressing the TEM grid to 
the substrate. In conclusion, the dimensions of the obtained polymer structures are in good 
agreement with the pattern on the TEM grid. 
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Figure 5. Polymer layers on a silicon wafer microstructured by means of photolithography; 
(a) irradiated poly(CL50-co-MCL50) sample with TEM grid shadow mask (mesh 100); (b) 
poly(CL50-co-MCL50) sample after development (TEM grid shadow mask mesh 100); (c) 
poly(CL50-co-ACL50) sample after development (TEM grid shadow mask mesh 300). 
 
UV Replica Moulding 
Replica moulding consists of the replication of micro-structured substrates in polymeric 
materials, presenting the inverse geometry of the one aimed at. We chose replica moulding as 
micro-patterning technique because of the numerous advantages it offers:  it is a technique 
easy to be executed and can be carried out routinely on a bench top without the need for 
cleanroom facilities and, no matter how complicated the fabrication of the master was, it 
always consists of only a few steps, i.e. dispensing of the polymer, crosslinking and release of 
the replica (Figure 6).  
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Figure 6. Schematic representation of the UV replica molding process.  First, a master is 
fabricated (a) which is then replicated by means of UV-curing of the novel polyesters (b). The 
replica is carefully peeled off (c). 
 
The fabrication of the master is the only expensive step of the whole process as it requires 
cleanroom facilities. The master, however, can be used many times and with the so called 
secondary mould approach, where a polymeric replica of the master is used as the new mould 
to be replicated, the repetitive use of the (expensive) master is limited. We took advantage of 
this approach by using polydimethylsiloxane (PDMS) moulds as secondary masters.  
The biodegradable polyester resins were micro-structured by UV replica moulding using both 
rigid (silicon) and secondary elastic PDMS masters. Solutions of copolymers containing a 
photoinitiator were prepared in chloroform, dispensed on the masters, irradiated with UV light 
(λ=366 nm, 10-30 min) and carefully peeled off (Figure 7). 
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Figure 7. Large area patterns of the polyesters. SEM images of a) poly(CL70-co-ACL30) 
replica from PDMS master (3 µm diameter pillars with 10 µm center-center distance);  b) 
poly(CL70-co-ACL30) replica from silicon wafer master (3 µm diameter holes with 10 µm 
center-center distance); c) poly(CL70-co-MCL30) replica from silicon wafer master (15 µm 
grooves, 5 µm ridges).  
 
Large area replicas of acryloyloxy and methacryloyloxy containing copolymers are shown in 
Figure 7a,b and Figure 7c, respectively. The replication process was successfully performed 
on both PDMS (Figure 7a) and silicon (Figure 7b,c) masters resulting in a variety of patterns 
including high aspect ratio structures (Figure 7a) . 
The quality of replication increases with increasing concentration of crosslinkable repeating 
units in the copolymer as shown in Figure 8.  
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Figure 8. Replicas of copolymers with different degrees of functionalization obtained from 
PDMS masters. SEM images of a) poly(CL90-co-ACL10) and b) poly(CL50-co-ACL50) pillars 
with 3 µm diameter, 9 µm height and 10 µm interdistance. SEM images of c) poly(CL90-co-
MCL10) and d) poly(CL50-co-MCL50) pillars with 10 µm diameter, 9 µm height and 20 µm 
interdistance. 
 
The crosslinked copolymers with a low degree of functionalization appeared opaque and 
brittle. This is due to the fact that these resins have a relative low density of crosslinking and 
consequently are still semicrystalline; the crystallinity of the sample is responsible for both 
the opacity and the brittleness. The resins obtained from highly functionalized copolymers 
were transparent and tough but still elastic. This is attributed to the amorphous state of the 
resins. For both the acryloyloxy- and methacryloyloxy functional copolymers,  the same 
observations were made.   
2D- and 3D-microstructured biodegradable polyester resins 
82 
 
The release of the replicas from the masters was easy for all the polymers both from PDMS 
and silicon masters, also from silicon masters which had not been treated with fluorocarbon as 
anti-sticking layer (not shown). 
 
Thermal Analysis 
The thermal properties – glass transition temperature and melting temperature – of the 
copolymers and the corresponding resins were determined and compared using differential 
scanning calorimetry (DSC). The influence of the copolymer composition on the thermal 
properties was established. Exemplary, the results of DSC measurements on P(CLx-co-
MCLy) a, b, c, d copolymers and their corresponding resins R(CLx-co-MCLy) a’, b’, c’, d’ 
will be presented and discussed (Table 3). 
 
Table 3.  Glass transition (Tg), melting temperature (Tm), melting enthalpy (∆Hm) and specific 
heat capacity (∆Cp) of the linear copolymers P(CLx-co-MCLy) a, b, c, d and the correspoding 
resins R(CLx-co-MCLy) a’, b’, c’, d’ determined by means of DSC (results from the second 
heating curve). 
  
a a’ b b’ c c’ d d’ 
Tg [°C] -57 -61 -58 -46 -58 -40 -46 -42 
Tm [°C] 32/44 25/38 24 - - - - - 
∆Hm [J/g] 54 10 27 - - - - - 
∆Cp [J/(g*K)] 0.26 0.28 0.30 0.29 0.47 0.14 0.44 0.02 
 
a: P(CL90-co-MCL10); b: P(CL80-co-MCL20); c: P(CL70-co-MCL30); d: P(CL50-co-MCL50); 
a’: R(CL90-co-MCL10); b’: R(CL80-co-MCL20); c’: R(CL70-co-MCL30); d’: R(CL50-co-MCL50). 
 
P(CL90-co-MCL10) (a) is a semicrystalline polymer with two melting transitions and an 
overall melting enthalpy of 54 J/g. When increasing the amount of reactive monomer as in  
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P(CL80-co-MCL20) (b) the melting point and the melting enthalpy decreases as a 
consequence of the smaller length of the CL sequence (LCL from 14.5 to 6.4). The 
corresponding resin to (a) – R(CL90-co-MCL10) (a’) – shows some residual crystallinity 
(∆Hm = 10 J/g), the one corresponding to (b) – R(CL80-co-MCL20) (b’) – is completely 
amorphous. Figure 9 shows a DSC curve illustrating the results for P(CL90-co-MCL10) (a) 
and R(CL90-co-MCL10) (a’). 
 
Figure 9. DSC second heating curves of poly(CL-co-MCL) (a)  and the corresponding resin 
(a’).  
 
The other linear copolymers P(CL70-co-MCL30) (c) and P(CL50-co-MCL50) (d) and their 
corresponding resins are amorphous materials. The dependence of the glass transition 
temperature on the composition is shown in Figure 10. For the linear polymers the glass 
transition temperature remains constant up to 30 mol% MCL at ca. -58°C and increases at a 
molar ratio of components of 1 to -46°C. This is due to the lower mobility of the backbone 
substituted by larger side chains. All resins, exclusively R(CL90-co-MCL10) (a’), show a 
higher glass transition temperature than their linear precursors reflecting the lower mobilty of 
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chain segments in a resin. Further the glass transition temperature increases with increasing 
crosslinking density up to 30 mol% of MCL in the polymer.  
 
Figure 10. Phase diagram for the poly(CL-co-MCL) copolymers and the corresponding 
resins. 
 
The DSC results are in good qualitative agreement with the sequence analysis obtained via 
13C NMR analysis. With increasing mole fraction of MCL, the average sequence length of the 
CL units (LCL) decreases, which expectedly results in  decreasing Tm. At a mole fraction of 
MCL above 0.18, LCL becomes small enough to inhibit CL crystallization. Thus, both the 
sequence analysis and the DSC measurements confirm the random microstructure of the 
copolymers. 
 
3.4 Conclusions  
Novel biodegradable polyester resins were prepared by photo crosslinking of functional 
polyesters obtained by copolymerization of ε-caprolactone and two functional lactones, γ-
acryloyloxy-ε-caprolactone and γ-methacryloyloxy-ε-caprolactone. The copolyesters were 
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extensively characterized via 1H-NMR (monomer conversion, molar composition), 13C-NMR 
(sequence analysis), size exclusion chromatography (molar mass distribution, apparent molar 
mass), and DSC (glass transition temperature, melting temperature and melting enthalpy). 
The processability of these novel resins was investigated using UV replica moulding and 
photolithography as micropatterning techniques. Via replica moulding objects with a variety 
of structures such as pillars, holes, ridges and grooves, were prepared. We believe that these 
resins are interesting materials for biomedical applications: their pendant groups allow not 
only for UV crosslinking (as shown in this work), but also further (bio)functionalization, for 
example, via Michael type addition reactions.  
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CHAPTER 4 
MICROPARTICLES FOR DRUG DELIVERY BASED ON FUNCTIONAL 
POLYCAPROLACTONES WITH ENHANCED DEGRADABILITY: LOADING 
OF HYDROPHILIC AND HYDROPHOBIC ACTIVE COMPOUNDS  
4.1  Introduction 
Biodegradable microparticles have been investigated extensively in the last 20 years and were 
utilized as injectable drug carriers.1-6 More recently their potential for biomedical applications 
has been extended to tissue cell carriers.7 This means that, instead of encapsulating a drug, the 
particles are ‘loaded’ with cells to be delivered to the damaged tissue. If a controlled porosity 
is introduced in such particles, truly injectable porous scaffolds can be obtained.8 
Furthermore, new methods were developed for the preparation of nano- and microparticles 
using a single-step process that provides control over particle size, morphology and size 
distribution.9,10 Depending on the function of the system, the particles must be designed with 
special attention to many parameters such as, the drug release profile and the structural 
integrity of the released biomolecules in the case of drug delivery systems, or the surface 
topography, porosity and biofunctionality, in the case of cell delivery systems. 
In all cases it is essential to tune the degradability of the system to match the requirements of 
the application. 
Biodegradable polyesters - such as polylactide (PLA), poly(lactide-co-glycolide) (PLGA), 
poly(ε-caprolactone) (PCL) – as well as acrylic polymers and copolymers, hyaluronic acid 
derivatives, pluronic polyols and others have been reported as materials for 
microencapsulation of drugs.11-19  
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Polyesters have excellent biocompatibility and degrade via hydrolysis under human body 
conditions, generating natural metabolites which are eliminated from the organism through 
the Krebs cycle.20-24 Among the polyesters, PCL exhibits the slowest degradation rate, 
whereas hydrolysis of PLA is much faster due to autocatalysis induced by the produced lactic 
acid. The range of applications can be broadened significantly by tuning the degradation of a 
polymer. In the case of PCL, attempts in this direction have been made by means of 
copolymerization with lactide and glycolide.25-28 
Our concept for the preparation of tailor made functional polycaprolactones with 
predetermined degradation rate consists of the attachment of acrylate or methacrylates groups 
to the polyester backbone. The presence of these groups (i) decreases the crystallinity of the 
PCL, and (ii) discloses the possibility of crosslinking which leads to an increase in mechanical 
stability and a further decrease in crystallinity. A decrease in crystallinity leads to an increase 
in the degradation rate. (iii) Degradation of the ester side groups in a crosslinked material 
generates an additional acidic environment (an integrated acid generator). Thus by adjusting 
the concentration of building blocks with (meth)acrylate side groups the degradation rate can 
be tailored. We recently reported the synthesis of this new class of functional PCL containing 
pendant acryloyloxy and methacryloyloxy groups. We demonstrated that, because of the 
(meth)acrylate groups, the polymers can be crosslinked upon UV irradiation in the presence 
of a suitable photoinitiator and that they can be processed by UV-replica molding to obtain 
microsctructured resins with potential applications in cell-based biomedical devices.29 
In the present study we show that, indeed, resins prepared with (meth)acrylate functional 
PCLs degrade faster than commercially available linear PCL and that the degradation rate 
increases with increasing concentration of functional groups. This holds true both for resins 
obtained by photocrosslinking and for resins resulting from the Michael type addition using 
diamine crosslinkers. We also show that these polymers are suitable for microparticle 
formation. Polymers with up to 8% functional groups can be processed straightforwardly to 
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produce microparticles with the emulsion solvent evaporation technique.30 In this case all 
functional groups remain available for either pre or post-processing, e.g. (bio)funtionalization. 
Polymers with more than 8% functional groups are amorphous 29 and require the formation of 
a network (resin) to gain stability. In these cases we obtained particles by combining the 
emulsion solvent evaporation procedure either with UV irradiation or with the Michael type 
addition using diamines. The amount of double bonds consumed for the crosslinking reaction 
can be tuned either by the irradiation parameters (power, time of exposure), the concentration 
of photoinitiator and the diamine used. Therefore, also in this case the remaining functional 
groups can be further exploited to tailor physical and chemical properties of the particles. 
Loading of the particles with a hydrophobic dye and a hydrophilic protein as models for drugs 
has been achieved by gradient driven diffusion and double emulsion solvent evaporation 
technique, respectively. 
 
5.2 Experimental Part 
Materials 
The functional poly(ε-caprolactones) PCL-A8, PCL-A26, PCL-M8,and PCL-M20 were 
prepared in our laboratories as described in reference [29]. ε-Caprolactone (≥99%), methylene 
chloride and poly(vinyl alcohol) (PVA, Mw = 15000) were purchased from Fluka. Irgacure 
819 was purchased from Ciba Specialty Chemicals. Rhodamine B and bis(3-aminopropyl) 
terminated poly(tetrahydrofuran) (NH2-PTHF-NH2) were purchased from Sigma Aldrich. 
Albumin from bovine serum (BSA) was purchased from Acros Organics. Chloroform (99.8 
%) was purchased from Chemotrade.  
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Syntheses 
Preparation of PCL-A8 and PCL-A26 resins via Michael addition. 
PCL-Ax (25 mg) and a stoichiometric amount of NH2-PTHF-NH2 (2:1 mol ratio with respect 
to the amount of functional groups) in chloroform (0.6 mL) was stirred for 2 h at room 
temperature and poured into a rectangular (10 x 5 x 1 mm) teflon mould. The sample was kept 
at room temperature in a stream of dry air until the solvent was evaporated (for ~30 min) and 
then overnight in an oven at 50 °C.  
Preparation of PCL-M8 and PCL-M20 resins via photo-crosslinking. 
PCL-Mx (50 mg) and photoinitiator (1.5 mg, 3 wt % Irgacure 819 with respect to the mass of 
the polymer) in methylene chloride (0.6 mL), was poured into a rectangular (10 x 5 x 1 mm) 
teflon mould. The sample was kept at room temperature in a stream of dry air until the solvent 
was evaporated (for ~30 min) and then irradiated with a UV lamp (Dr Gröbel UV-Elektronik, 
Germany; λ = 366 nm) placed at 5 cm distance from the surface of the sample for 30 min. 
Preparation of polymer microparticles 
The microparticles were prepared by an oil/water emulsion-solvent evaporation technique. As 
a standard procedure a solution of PCL-A8 (30 mg) in methylene chloride (0.4 mL) was 
poured in 0.25 % (w/v) aqueous PVA solution (10 mL). A water-in-oil emulsion was formed 
by extensive stirring with a two-bladed propeller (Ika-Werke, RW 20) for 2 h at 600 rpm until 
the methylene chloride was evaporated. The microparticles were recovered by centrifugation 
(Hettich, EBA 21) at 6000 rpm, 15 minutes, washed twice with distilled water and dried 
overnight at room temperature. 
Preparation of photocrosslinked microparticles 
Typically, a solution of PCL-A18 (30 mg) and photoinitiator (1.2 mg, 4 wt% Irgacure 819 with 
respect to the mass of the polymer) in methylene chloride (0.4 mL) was poured in 0.25 % 
(w/v) aqueous PVA solution (10 mL). An emulsion was obtained by stirring the solution with 
a two-bladed propeller for 10 min. Subsequently it was laterally irradiated for 2 hours with 
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two UV lamps (Dr Gröbel UV-Elektronik, Germany; λ = 366 nm) while constantly stirring. In 
order to change the particles’s size different stirring rates were tested (600, 900, 1500 rpm). 
The microparticles were recovered by centrifugation, washed with distilled water and 
methylene chloride and dried overnight at room temperature. 
Preparation of photocrosslinked microparticles loaded with Rhodamine 
Rhodamine (2 mg) in methylene chloride (0.3 mL) was added to a water solution containing 
photocrosslinked microparticles prepared as described above. The mixture was vigorously 
stirred in a closed vial for 12 h allowing the microparticles to swell. Then the vial was opened 
and the mixture was stirred for another 2 h until methylene chloride evaporated. The loaded 
microparticles were recovered by centrifugation, washed with distilled water, methylene 
chloride and dried overnight at room temperature.    
Preparation of diamine-crosslinked microparticles via Michael addition 
As a general procedure a mixture of PCL-Ax (30 mg) and a stoechiometric amount of NH2-
PTHF-NH2 (2:1 mol ratio with respect to the amount of functional groups) in chloroform (0.5 
mL) was emulsified in a 0.25 % (w/v) aqueous PVA solution (10 mL) using a two-bladed 
propeller. The mixture was stirred at 600 rpm, at 60 °C for 2 h until the solvent evaporated. 
The microparticles were recovered by centrifugation, washed with distilled water, methylene 
chloride and dried overnight at room temperature. 
Preparation of photocrosslinked microparticles loaded with BSA 
The microparticles were prepared by a water/oil/water emulsion-solvent evaporation 
technique. BSA (4 mg) in water (0.5 mL) was first emulsified for 120 s using an ultrasound 
generator (Branson Sonifier 450) into a dispersion of PCL-Ax (30 mg) and photoinitiator (1.2 
mg) in methylene chloride (2 mL). This first emulsion (w/o) was poured in a 0.25 % (w/v) 
aqueous PVA solution (20 mL). A w/o/w emulsion was formed by extensive stirring with a 
two-bladed propeller. The mixture was irradiated with two UV lamps and stirred for 2 h until 
the methylene chloride was evaporated. The loaded microparticles were recovered by 
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centrifugation, washed with distilled water, methylene chloride and dried overnight at room 
temperature.  
Measurements 
Degradation procedure 
Each polymer samples (10 x 5 x 1 mm) was placed in a test tube containing Sørensen buffer 
(2 mL, 0.1 M, pH 7.4) and kept at 60 °C. Two samples were periodically removed, washed 
with distilled water and dried in vacuo before analysis. The buffer solution was changed twice 
per week.  
Mass analysis  
In order to evaluate the degradation process the changes in weight of the different polymer 
samples were determined as a function of degradation time. The samples were taken out from 
the buffer solution every 7 or 14 days, washed and dried as described in the degradation 
procedure. The samples were weighted using a microbalance (UMX 5 Mettler Toledo, 
Switzerland). The residual mass was plotted as percentage of the initial mass against the 
degradation time.  
Morphological analysis 
The surface morphology was analyzed by macro photography.  
Characterization of microparticles 
The morphology and size of the microparticles were determined by scanning electron 
microscopy (Hitachi S-4800 operated at 1.5 kV) and ImageJ (image processing software, 
http://rsbweb.nih.gov/ij). A suspension of microparticles in water was dispensed on a silicon 
wafer (CrysTec GmbH, Berlin, Germany) and dried overnight. The images were captured and 
analyzed to determine the size of the microparticles (n≥100). 
The incorporation of the fluorescent dye (Rodhamine) was confirmed by optical microscopy 
(Axioplan 2 Imaging microscope Carl Zeiss AG). Pictures were taken using a AxioCam MRc 
digital camera and analyzed using the AxioVison 3.1 software package. 
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Raman spectroscopy (Bruker Optics, type RFS 100/S, Nd:YAG Laser 1064 nm, 250 mW, 
1000 scans, spectrometer resolution 4 cm-1) was used to determine the consumption of double 
bonds as a function of irradiation time and to confirm the loading of BSA in the 
microparticles.  
 
4.3 Results and Discussion 
Poly(ε-caprolactone) (PCL) is of great interest for tissue engineering applications because of 
its good biocompatibility, its drug permeability and easy processability.31,32 However, the rate 
of degradation for linear PCL is slow,33-35  which influences the release kinetics of active 
compounds.36 Tuning the biodegradability of PCL might be the key factor in using this 
polyester in a larger scale as highly versatile carrier for drugs and as tissue engineering 
scaffold. For example, tuning the degradability of the polymer matrix of a target-specific drug 
carrier leads to a fine control of release. A 3D matrix - such as a porous scaffold - can provide 
a substrate for cell adhesion and in-growth to form an engineered tissue at an in vivo defect 
site. The polymer scaffold should degrade by the time that regeneration of the damaged tissue 
takes place. Scaffolds with tuneable degradability have the major advantage that the 
degradation rate can be adjusted to the healing of a particular injury. For instance, fast 
degradation of the scaffold is suitable for small defects and slow degradation for large 
damaged areas, respectively.  
One of the most common ways to tailor biodegradability is the synthesis of copolyesters 
which exhibit improved biodegradability, e.g. P(CL-co-LA), P(CL-co-LGA),.[37,38] Our 
approach to tune the degradability of PCL is to attach acid generator functional groups to the 
PCL backbone which under degradation conditions will form additional carboxylic acid goups 
that further catalyse the hydrolysis of the polyester backbone. Moreover, increasing the 
concentration of functional groups leads to a decrease of cristallinity and consequently to an 
acceleration of the degradation rate. 
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Crosslinked poly(caprolactone)-derivatives - cPCL-A8, cPCL-A26 - were prepared by Michael 
addition of amino telechelic poly(tertahydrofuran) (NH2-PTHF-NH2)  to PCL-A8 and PCL-
A26 while crosslinked poly(caprolactone)-derivatives - cPCL-M8, cPCL-M20 - were obtained 
by photo-crosslinking of PCL-M8 and PCL-M20. Their degradation behaviour was determined 
and compared to linear PCL (Table 1). Crosslinking will enhance the mechanical properties of 
the materials and will influence degradability.29   
 
Table 1 Composition of crosslinked poly(ε-caprolactone) samples used for degradation 
studies. 
Polymer CL [%] Ax(Mx)- CL [%] Crosslinking 
cPCL-A8 92 8 diamine 
cPCL-A26 74 26 diamine 
cPCL-M8 92 8 photo chemical 
cPCL-M20 80 20 photo chemical 
PCL 100 X X 
 
In vitro degradation of crosslinked poly(ε-caprolactone)s 
The in vitro degradation of cPCL samples (size of the sample: 10 x 5 x 1 mm) was performed 
in Sørensen phosphate buffer (pH 7.4) at 60 °C. The advantage of this accelerated in vitro 
degradation study is that it allows a screening of the polymers regarding their degradation 
behaviour in a short time frame. Therefore, this screening facilitates a selection of suitable 
cPCL samples, which can be further investigated under more physiological conditions at 37 
°C. 
Periodically, cPCL samples were removed, washed with distilled water, dried and weighed. 
The degradation of cPCL-A8 turned out to be slower than that of cPCL-A26 (Fig. 1). Only 20 
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% mass loss was detected during the degradation period studied (77 days) and the degradation 
proceeded roughly linearly, which is characteristic for a surface degradation process.39 
Moreover, the degradation of cPCL-A8 was quite similar to the degradation of linear PCL. 
The increased degradation rate can be explained by the lower crystallinity of cPCL-A8. In 
contrast to this, the degradation rate of cPCL-A26 was higher; a mass loss of ~80% was found 
after 21 days. Afterwards, the degradation rate decreased. At the end of the observed time 
period cPCL-A26 was almost completely degraded. The resulting curve progression indicates 
that bulk degradation and surface degradation occurred simultaneously.39,40 
 
Figure 1. Degradation-induced mass loss of PCL, cPCL-A8 and cPCL-A26 in Sørensen buffer 
(0.1 M, pH 7.4) at 60 °C.  
  
The surface morphology of cPCL-A8, cPCL-A26 and PCL during degradation was monitored 
by macro photography (see Figs. 2,3). 
Within the first weeks, for cPCL-A8 micro cracks were observed but the overall sample 
structure remained intact (Fig. 2). Later, small holes and cracks as well as surface 
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irregularities appeared. The morphological changes indicate a surface degradation. As the 
degradation progressed, the inner parts of the samples were also affected. Thus, the structure 
of cPCL-A8 was partially modified.  
   
Figure 2. Surface morphology of cPCL-A8 after (A) 0, (B) 63, (C) 77 days accelerated in 
vitro degradation. 
  
Figure 3. Surface morphology of cPCL-A26 after (A) 0 and (B) 49 days accelerated in vitro 
degradation. 
 
The shape of the cPCL-A26 sample was already lost within the first week, only resinous 
leftovers remained. These dissolved during the subsequent degradation process and a white 
powdery residue was obtained (Fig. 3).  
From these observations the conclusion can be drawn that the degradation is dependent on the 
concentration of the functional groups attached to the polymer. The degradation of cPCL-A8, 
containing 8 % acryloyloxy groups, is much slower than that of cPCL-A26, which has an 
acryloyloxy group content of 26 %. Moreover, the sample shape of cPCL-A8 remained stable 
during the degradation as opposed to cPCL-A26.41 
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A 
2 mm 
 0.5 cm 
B 
2 mm 2 mm 2 mm 
Chapter 4 
97 
 
The degradation of cPCL-M8 and cPCL-M20 is rather similar to each other (Fig. 4). Both 
resins show almost linear mass loss in time. The mass loss of cPCL-M8 and cPCL-M20 after 
130 days is of 37 % and 30 %, respectively. The degradation behaviour is similar to that of 
linear PCL; however, faster. The curve progression is indicating that mainly a surface 
degradation is occurring.  
 
Figure 4. Degradation-induced mass loss of PCL, cPCL-M8 and cPCL-M20 in Sørensen 
buffer (0.1 M, pH 7.4) at 60 °C.  
 
The morphological changes of the samples confirm this conclusion (Fig. 5). Within the first 
21 days a white and porous surface was formed, which gradually degraded within the 
following 28 days. After 77 days, micro cracks and holes begin to be visible which increased 
during the remaining time of degradation. In comparison to cPCL-M8, for cPCL-M20 first 
holes and micro cracks were visible already after 21 days (Fig. 6). During the further 
degradation process, inner parts of the polymer material degrade, resulting in an 
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inhomogeneous surface full of fissures. These observations indicate that following surface 
degradation also bulk degradation was involved.41  
  
Figure 5. Surface morphology of cPCL-M8 after (A) 0 and (B) 133 days accelerated in vitro 
degradation. 
   
Figure 6. Surface morphology of cPCL-M20 after (A) 0, (B) 35 and (C) 133 days accelerated 
in vitro degradation.  
 
From the degradation studies it can be conclude that the faster degradable cPCL-A26 and 
cPCL-M20 could be suitable as matrices for microparticle drug carriers. Moreover, at the 
beginning the resins show mainly surface degradation, which is a prerequisite for a uniform 
and controlled drug release. The suitability of the microparticles, containing the favored 
chemical composition, as drug carrier has further to investigate in respect to the real-time in 
vitro degradation at 37 °C, in vitro drug release as well as cytotoxicity. 
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Microparticles with pendant functional acrylate groups 
Polymer microparticles containing 8 % acryloyloxy functional groups were prepared by an 
oil/water emulsion-evaporation technique starting with PCL-A8. The free pendant acryloyloxy 
groups can be used for further functionalization by Michael addition reactions using peptides 
or proteins as reagents. Moreover, the ester side groups generate additional free carboxylic 
acid groups upon hydrolysis which act as catalyst enhancing the hydrolytic degradation of the 
PCL backbone. These special features - combined with drug encapsulation - create a new 
class of versatile carriers with important applications in the medical, biological and 
pharmaceutical field.  
SEM analysis of the microparticles prepared from PCL-A8 revealed that the particles are 
substantially uniform in size, spherical and do not aggregate by surface interactions. The 
surface of the particles is not smooth, showing small cracks and defects due to the 
semicrystalline character of the material (Fig. 7). Analysis of the PCL-A8 microparticles under 
a stereo optical microscop reveals that these particles are opaque proving their semicrystalline 
character. It was reported in a previous paper that amorphous materials obtained via 
crosslinking of PCL-Ax (x > 10) are transparent.29 
 
Figure 7. SEM picture of PCL-A8 microparticles. 
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Crosslinked microparticles by means of photo-crosslinking 
For poly(ε-caprolactone) with more than 8 % substituted repeating units, preparation of 
microparticles is not possible anymore due to the amorphous character and the stickiness of 
the material. In order to prevent coalescence of the microparticles formed during the solvent 
evaporation process, we investigated the effect of crosslinking on the particle stability. Two 
different crosslinking techniques were studied, one involving the use of a photoinitiator 
combined with UV curing and another exploiting the Michael type addition as polymer 
analogous reaction.  
Two copolymers have been chosen to prepare crosslinked microparticles by photo-
crosslinking: PCL-A18 containing 18 % of functional acryloyloxy groups and PCL-M34 
containing 34 % of functional methacryloyloxy groups. The microparticles were prepared by 
an oil in water emulsion-solvent evaporation technique combined with UV irradiation in the 
presence of a photoinitiator. SEM analyis of the crosslinked microparticles obtained from 
PCL-A18 and from PCL-M34 showed a mean diameter of 134±30 µm and 142±44 µm, 
respectively. In order to study the internal structure, the particles were freeze fractured. This 
technique consists of immersing the particles in liquid nitrogen followed by a gentile 
smashing with a metallic disk. Cross-section of the crosslinked PCL-A18 microparticles 
revealed a non porous, compact internal structure with small craters which were formed in the 
final stage of evaporation of residual methylene chloride (Fig. 8).42 The methacrylate 
crosslinked microparticles PCL-M34 are polydisperse and based on the cross-section analysis, 
they also appear dense inside (Fig. 9). Analysis of the crosslinked PCL-A18 and PCL-M34 
microparticles under a stereo optical microscop reveals that these particles are transparent. 
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Figure 8. SEM pictures of photocrosslinked PCL-A18 microparticles + cross-section. 
 
  
Figure 9. SEM pictures of photocrosslinked PCL-M34 microparticles + cross-section. 
 
In order to optimize the preparation of the microparticles a kinetic study of the photo-
crosslinking process was performed. The concentration of converted double bonds during 
photo-crosslinking can be tuned by varying several parameters such as exposure time, power 
of the light source and concentration of the photoinitiator. Determining the concentration of 
double bonds needed to prepare stable resins, makes it possible to use remaining pendant 
functional groups in different applications such as protein attachments, Michael type 
additions, etc. For the kinetic experiment, six rectangular samples with ~1 mm thickness were 
prepared, each of them containing the same amount of photoinitiator. The polymer used for 
this study was PCL-A18. The irradiation power was kept constant during the experiment. The 
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influence of the exposure time on the consumption of the double bonds was determined.  
Following the consumption of the double bonds over time, it was observed that crosslinking 
occurs within the first 10 minutes (Fig. 10). After 2 minutes exposure time Raman 
spectroscopy revealed ~ 60 % conversion of double bonds. The partially crosslinked material 
showed good mechanical properties which indicate a good processability and therefore makes 
it suitable for stable microparticle preparation. Moreover, the free pendant double bonds are 
available for further biofunctionalization. After 10 minutes the amount of converted double 
bonds remains constant at ~85 % and this might be explained by the fact that the available 
photoinitiator was consumed. 
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Figure 10. Consumption of double bonds during the UV curing process of PCL-A18.  
 
Crosslinked microparticles by means of Michael addition 
Copolymers with acryloyloxy functional groups are perfect candidates for Michael type 
polymer analogous reactions due to the reactivity of the acrylate group toward amines. As 
crosslinking agent an amine telechelic polytetrahydrofuran was chosen and the polymer used 
was PCL-A18.  
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The amine groups which are situated at the ends of the polytetrahydrofuran chain react with 
the acrylate double bonds of the polymer building bridges between the polymer chains and 
forming an elastic and flexible network. The microparticles were prepared by an oil in water 
emulsion-solvent evaporation technique at 600 rpm and 60 °C. SEM pictures revealed 
polydisperse microparticles with smooth surface and mean diameter of 88±44 µm (Fig. 11).  
 
  
Figure 11. SEM pictures of diamine-crosslinked PCL-A18 microparticles via Michael addition 
+ cross-section. 
 
Particle size adjustment 
The size of microparticles prepared by an oil/water emulsion-evaporation technique is 
affected by several factors such the stirring speed, viscosity of the polymer solution, volume 
fraction of the organic phase in the external water phase and PVA concentration in the water 
phase. Stirring speed is the dominating factor because it provides the energy necessary to 
disperse the organic phase in water. By increasing the stirring speed, smaller particles are 
formed because the emulsion is broken up into smaller droplets.43 For this study, a two-bladed 
propeller mechanical stirrer was used and three different stirring speeds were adjusted: 600, 
900 and 1500 rpm. As model polymer we used PCL-A18 and Irgacure 819 as photoinitiator for 
crosslinking. SEM pictures revealed polydisperse microparticles with a smooth surface and 
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depending on the stirring rate significant differences in the diameter of the particles were 
obtained. The mean diameter and the standard deviation of the microparticles were 
determined using ImageJ (Fig.12). Increasing the stirring rate from 600 rpm to 900 rpm 
spherical particles with smooth surface were obtained, the mean diameter of which decreased 
from 134±30 µm to 50±22. µm. Further increase of the stirring rate to 1500 rpm resulted only 
in a slight decrease of the particle diameter to 35±12 µm without change in the size 
distribution. However, the yield of particles was lower.   
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Figure 12. Variation of the mean diameter of microparticles at different stirring rates. 
 
By exchanging the two bladed propeller stirrer with a magnetic olive stirrer, microparticles 
with a mean diameter of ~5 µm even at 1000 rpm were obtained (not shown), however, the 
polydispersity of particles increased and the yield decreased.  
These results show that the diameter of the microparticles can be tuned either by varying the 
stirring speed or by changing the stirring method. Thus, drug carriers with a specific size 
range are accessible for different biomedical applications. 
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Rhodamine and BSA loaded microparticles 
In order to check the carrier function of the microparticles, two model drugs, a hydrophobic 
fluorescent dye (rhodamine) and a hydrophilic protein (BSA), were encapsulated. To 
incorporate rhodamine into the crosslinked polymer matrix two steps were necessary. First the 
crosslinked PCL-A18 microparticles were prepared by an oil in water emulsion-solvent 
evaporation technique. Then the isolated particles were redispersed in water and a rhodamine 
solution in methylene chloride was added. The solution was stirred for 12 h allowing the 
particles to swell and implicitly the rhodamine to penetrate into the matrix. The morphology 
and the size of the loaded microparticles were analyzed by SEM (Fig. 13a). The incorporation 
of rhodamine was confirmed by optical microscopy (Fig. 13b).  
  
Figure 13. SEM image a) and light micrograph b) of rhodamine loaded microparticles 
prepared at  600 rpm. 
 
Incorporating BSA into the microparticles required a water-oil-water emulsion-solvent 
evaporation technique. First a water in oil emulsion was prepared by dispersion of an aqueous 
BSA solution in an organic phase containing PCL-A18 and photoinitiator. This emulsion was 
then dispersed in water containing PVA, which acts as stabilizer for the emulsified particle 
droplets. UV irradiation was performed to achieve the crosslinking of the particles while the 
organic solvent was removed by evaporation. 
a) b) 
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To determine the successful loading of BSA into the microparticles a Raman spectroscopy 
analysis was performed. The investigation was conducted using a Raman microscope which 
allowed the measurement to be done in the bulk, by focusing the laser beam at 5-7 µm inside 
the particle. Figure 14 shows the Raman spectra of the crosslinked polymer particles, of BSA 
and of the loaded crosslinked polymer particles. The spectrum of the particles shows a 
characteristic peak at 1730 cm-1 which correspond to the C=O of ester carbonyl groups. The 
BSA presents characteristic peaks at 830 and 855 cm-1 (corresponding to tyrosine C-CH 
aliphatic and aromatic deformation vibrations, respectively), at 1004 cm-1 (corresponding to 
the phenylalanine aromatic ring vibration characteristic for monosubstituted rings) and at 
1660 cm-1 (caused by amide groups).        
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Figure 14. Raman spectra of crosslinked polymer particles, BSA and crosslinked polymer 
particles loaded with BSA. 
 
In drug loaded microparticles, peaks of the polymer and of BSA are present, proving the 
successful loading of the microparticles with BSA. 
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4.4 Conclusions  
A biodegradable drug delivery system was developed by combining the preparation and 
loading of biodegradable microparticles. Photo-crosslinked microparticles based on PCL 
containing 18 % acryloyloxy and 34 % methacryloyloxy functional pendant groups were 
prepared by an oil/water emulsion-solvent evaporation technique. Using amino telechelic 
poly(tetrahydrofuran) as crosslinking agent and PCL bearing acryloyloxy pendant groups as 
substrate, stable microparticles were prepared via Michael addition. It was also proven, that 
non crosslinked microparticles with 8 % pendant acryloyloxy groups can be prepared. SEM 
images of the particles prove the spherical shape of the particles and analysis of the cross-
sections show a non-porous compact internal structure.  
It was possible to tune the size of the microparticles by varying experimental conditions such 
as the stirring speed. Two model drugs, rhodamine and BSA, were successfully incorporated 
into crosslinked microparticles allowing preparation of carriers for biological and biomedical 
applications. Encapsulation efficiency and controlled release of rhodamine and BSA will be 
investigated and presented in an upcoming report. It was demonstrated, that the degradation of 
different crosslinked PCL derivatives prepared from PCL with pendant acryloyloxy and 
methacryloyloxy groups can be tuned by varying the concentration of the functional groups 
along the polymer backbone. 
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CHAPTER 5 
TAILOR MADE POLYESTERS BASED ON PENTADECALACTONE VIA 
ENZYMATIC CATALYSIS 
5.1  Introduction 
Over the past few decades high molecular weight polyesters obtained by ring opening 
polymerization of lactones have been intensively investigated.1-3 The resulting polyesters are 
applied as biocompatible and biodegradable materials in many applications.4,5 
Biocompatibility can be considered as the primary requirement that all materials have to meet 
for applications in the body. Many applications such as drug delivery devices or scaffolds 
require polyesters which are able to degrade in vivo at a certain rate, while other applications 
such as implants require nondegradable materials.6  
A common way to prepare polymers with predictable molecular weights and low 
polydispersities involves organometallic catalysts.7,8 However, to be suitable as a biomaterial, 
high purity polyesters are required. Controlled ring opening polymerization techniques based 
on catalysts from natural sources like lipases have been developed leading to the preparation 
of metal-free polymers under mild conditions, in most cases showing good chemo-, regio- and 
enantioselectivity.9,10 Small- and medium size lactones (4, 6 and 7 membered) are 
polymerized by various chemical catalysts efficiently due to their ring strains, while 
enzymatic catalysis gives low molecular weight products after long reaction times.11-14 
Macrocyclic lactones are difficult to polymerize by traditional chemical methods.11 
Comparative studies have shown that the enzymatic polymerization of macrolides proceeds 
much faster and to higher molecular weights than with chemical catalysts.15 In the last years 
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the enzymatic ring opening polymerization of macrolactones has been intensively 
investigated.16-19 Among these polyesters derived from macrocyclic esters, 
poly(pentadecalactone) (PPDL) was of particular interest since it is an aliphatic polyester that 
would likely have properties that approach polyethylene.20 Furthermore, the presence of ester 
bonds in the polymer backbone may suggest a potential biodegradation. However, a recent 
investigation revealed that PPDL has shown good biocompatibility being nontoxic for 
metabolic cell activity, but due to the high cristallinity and hydrophobicity no degradation of 
the polymer chain was observed.21  
Some time ago enzymatic ring opening polymerization of functional ε-caprolactones e.g. γ-
acyloxy- ε-caprolactones has been reported.14 It was shown that by using Lipase B from 
Candida Antarctica as catalyst these monomers partly rearrange under polymerization 
conditions to result in the thermodynamically more stable γ-acyloxyethyl-γ-butyrolactones. 
 
Since the synthesis and characterization of PPDL has been already reported22-24, in the present 
work we focused on the preparation of a new class of pentadecalactone (PDL) based 
polyesters with enhanced degradability. Enzymatic copolymerization of PDL with γ-acyloxy-
ε-caprolactones should lead to the insertion of pendant acyloxy functional groups along the 
polyester backbone. The presence of these side groups (i) decreases the crystallinity of the 
PDL, (ii) increases the hydrophilicity of the copolymer and (iii) upon hydrolysis of the ester 
side chains releases the acid from the respective acyloxy side groups, which may serve as a 
Chapter 5 
113 
 
catalyst for further chain degradation. These factors may contribute to an increase in the 
degradation rate.25 
Furthermore, we aim to introduce functionality by copolymerization of PDL with other 
macrolactones, which allows the manipulation of the polymer properties by postmodification, 
for example via crosslinking and further biofunctionalization. We have selected for this 
investigation: Ambrettolide (Am), an unsaturated 17-membered lactone used in the fragrance 
industry, its epoxide (AmE) and a cyclic ester amide (cEA), a 14-membered lactone. 
 
5.2 Experimental Part 
Materials 
γ-Acyloxy-ε-caprolactones (γ-acetyloxy- (AcetCL), γ-acryloyloxy- (AcrCL), γ-
methacryloyloxy- (McrCL) and γ-benzoyloxy-ε-caprolactone (BenzCL)) were prepared 
according to reference [14]. The cyclic ester amide was prepared according to reference [26]. 
ε-Caprolactone (≥99%) (CL) and methylene chloride were purchased from Fluka. 
Ambrettolide (Pfaltz and Bauer), pentadecalactone (PDL) (Acros) and 3-chloroperoxybenzoic 
acid (mCPBA) (75% purity, Acros Organics) were used as received. Toluene was distilled 
before use. Novozyme 435 (Lipase B from C. antarctica immobilized on a macroporous 
resin, 10.000 U·g-1, Sigma) was dried in vacuum at room temperature for 24 h before use and 
stored under nitrogen. Chloroform (99.8 %) and methanol (95.5%) were purchased from 
Chemotrade. 3-Phenyl-1-propanol (≥98%, Fluka) was distilled over sodium. 
All reactions were carried out in nitrogen atmosphere. Nitrogen (Linde, 5.0) was passed over 
molecular sieves (4 Å) and finely distributed potassium on aluminium oxide. 
Syntheses 
Poly(PDL-co-McrCL). PDL ( 1.80 g, 7.50 mmol
 
), McrCL ( 0.49 g, 2.50 mmol
 
), 3-phenyl-
propanol ( 27.20 mg, 0.20 mmol
 
), toluene ( 3 mL ) and dry Novozyme 435 ( 230.00 mg, 1/10 
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wt/wt of substrate ) were stirred at 70 ˚C, under N2 for 24 hours. The reaction was terminated 
by adding excess of cold chloroform and removing the enzyme by filtration. The filtrate was 
added slowly in cold methanol and the precipitate was separated by decantation and was dried 
in vacuo up to a constant weight. The resulting copolymer was analyzed by 1H and 13C NMR 
spectroscopy (Scheme 1). 
1H NMR (300 MHz, CDCl3-d): δ = 1.26 (s, 20H, Hd), 1.63 (dd, 2H, Hc, 2H, He), 1.86-2.07 
(m, 2H, Hi, 2H, Hk, 3H, Hp), 2.22-2.44 (m, 2H, Hb, 2H, Hh), 4.00-4.16 (m, 2H, Hf, 2H, Hl), 
5.10 (d, 1H, Hj), 5.58 (d, 1H, Ho), 6.11 (d, 1H, Ho) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 18.34 (Cp), 22.67-34.41 (Cb-e, Ch, Ci, Ck), 60.50 (Cl), 
64.40 (Cf), 70.61 (Cj), 125.66 (Co), 136.20 (Cn), 166.76 (Cm), 172.68-173.98 (Ca, Cg)  ppm. 
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Scheme 1. Structure of poly(PDL-co-McrCL) with letters for NMR assignment. 
 
Poly(PDL-co-BenzCL). PDL ( 1.80 g, 7.50 mmol
 
), BenzCL ( 0.58 g, 2.50 mmol
 
), 3-phenyl-
propanol ( 27.20 mg, 0.20 mmol
 
), toluene ( 3 mL ) and dry Novozyme 435 ( 240.00 mg, 1/10 
wt/wt of substrate ) were stirred at 70 ˚C, under N2 for 24 hours. The reaction was terminated 
by adding excess of cold chloroform and removing the enzyme by filtration. The filtrate was 
added slowly in cold methanol and the precipitate was separated by decantation and was dried 
in vacuo up to a constant weight. The resulting copolymer was analyzed by 1H and 13C NMR 
spectroscopy (Scheme 2). 
1H NMR (300 MHz, CDCl3-d): δ = 1.34 (d, 20H, Hd), 1.60 (d, 2H, Hc, 2H, He), 1.89-2.14 
(m, 2H, Hi, 2H, Hk), 2.16-2.35 (m, 2H, Hb) 2.36-2.48 (m, 2H, Hh), 3.92-4.11 (m, 2H, Hf), 
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4.12-4.24 (m, 2H, Hl), 5.19-5.40 (m, 1H, Hj), 7.44 (dd, 2H, HPh), 7.56 (t, 1H, HPh), 8.02 (t, 2H, 
HPh) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 25.03-34.41 (Cb-e, Ch-i, Ck), 60.62 (Cl), 64.41 (Cf), 71.10 
(Cj), 128.39-130.05 (CPh), 165.98 (Cm), 172.63-174.03 (Ca, Cg)  ppm. 
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Scheme 2. Structure of poly(PDL-co-BenzCL) with letters for NMR assignment. 
 
Poly(PDL-co-CL-co-BenzCL). PDL ( 1.20 g, 5.00 mmol
 
), CL (0.28g, 2.50 mmol ), BenzCL 
( 0.58 g, 2.50 mmol
 
), 3-phenyl-propanol ( 27.20 mg, 0.20 mmol
 
), toluene ( 3 mL ) and dry 
Novozyme 435 ( 210.00 mg, 1/10 wt/wt of substrate ) were stirred at 70 ˚C, under N2 for 24 
hours. The reaction was terminated by adding excess of cold chloroform and removing the 
enzyme by filtration. The filtrate was added slowly in cold methanol and the precipitate was 
separated by decantation and was dried in vacuo up to a constant weight. The resulting 
copolymer was analyzed by 1H and 13C NMR spectroscopy (Scheme 3). 
1H NMR (300 MHz, CDCl3-d): δ = 1.10-1.46 (m, 20H, Hd, 2H, Hj), 1.47-1.74 (m, 2H, Hc, 
2H, He, 2H, Hi, 2H, Hk), 1.91-2.15 (m, 2H, Ho, 2H, Hr), 2.22-2.35 (m, 2H, Hb, 2H, Hh) 2.42 (t, 
2H, Hn), 4.00-4.11 (m, 2H, Hf, 2H, Hl), 4.16 (dd, 2H, Hs), 5.30 (dd, 1H, Hp), 7.44 (t, 2H, HPh), 
7.57 (t, 1H, HPh), 8.03 (d, 2H, HPh) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 25.02-34.39 (Cb-e, Ch-k, Cn-o, Cr), 60.60 (Cs), 64.39 (Cf, 
Cl), 70.99 (Cp),  128.39-130.02 (CPh), 165.94 (Ct), 172.66-173.99 (Ca, Cg, Cm)  ppm. 
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Scheme 3. Structure of poly(PDL-co-CL-co-BenzCL) with letters for NMR assignment. 
 
Poly(Am). Am (1.00 g, 3.96 mmol ), 3-phenyl-propanol ( 18.00 mg, 0.13 mmol
 
), toluene ( 1 
mL ) and dry Novozyme 435 ( 100.00 mg, 1/10 wt/wt of substrate ) were stirred at 50 ˚C, 
under N2 for 24 hours. The reaction was terminated by adding excess of cold chloroform and 
removing the enzyme by filtration. The filtrate was added slowly in cold methanol and the 
precipitate was separated by filtration and was dried in vacuo up to a constant weight. The 
resulting polymer was analyzed by 1H and 13C NMR spectroscopy (Scheme 4). 
1H NMR (300 MHz, CDCl3-d): δ = 1.31 (d, 8H, H4-7, 6H, H12-14), 1.60 (dd, 2H, H3, 2H, H15), 
1.96 (s, 2H, H8, 2H, H11), 2.28 (t, 2H, H2) 4.07 (q, 2H, H16), 5.37 (ddd, 1H, H9, 1H, H10) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 25.00-34.36 (C2-8,C11-15), 64.35 (C16), 130.14 (C9), 
130.43 (C10), 173.93 (C1) ppm. 
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Scheme 4. Structure of poly(Am) with numbers for NMR assignment. 
 
Poly(AmE). AmE (1.00 g, 3.73 mmol ), 3-phenyl-propanol ( 17.00 mg, 0.12 mmol
 
), toluene ( 
1 mL ) and dry Novozyme 435 ( 100.00 mg, 1/10 wt/wt of substrate ) were stirred at 50 ˚C, 
under N2 for 24 hours. The reaction was terminated by adding excess of cold chloroform and 
removing the enzyme by filtration. The filtrate was added slowly in cold methanol and the 
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precipitate was separated by filtration and was dried in vacuo up to a constant weight. The 
resulting polymer was analyzed by 1H and 13C NMR (Scheme 5). 
1H NMR (300 MHz, CDCl3-d): δ = 1.21-1.71 (m, 12H, H3-8, 10H, H11-15), 2.29 (t, 2H, H2), 
2.67 (dd, 1H, H9, 1H, H10),  4.07 (q, 2H, H16) ppm.  
13C NMR (75 MHz, CDCl3-d): δ = 24.94-34.33 (C2-8,C11-15), 58.86 (C9), 58.91 (C10), 64.34 
(C16), 174.06 (C1) ppm. 
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Scheme 5. Structure of poly(AmE) with numbers for NMR assignment. 
 
Poly(PDL-co-Am). PDL (1.20g, 5.00 mmol ), Am ( 1.26 g, 5.00 mmol
 
), 3-phenyl-propanol ( 
27.20 mg, 0.20 mmol
 
), toluene ( 3 mL ) and dry Novozyme 435 ( 250.00 mg, 1/10 wt/wt of 
substrate ) were stirred at 70 ˚C, under N2 for 24 hours. The reaction was terminated by 
adding excess of cold chloroform and removing the enzyme by filtration. The filtrate was 
added slowly in cold methanol and the precipitate was separated by filtration and was dried in 
vacuo up to a constant weight. The resulting copolymer was analyzed by 1H and 13C NMR 
spectroscopy (Scheme 6). 
1H NMR (300 MHz, CDCl3-d): δ = 1.18-1.42 (m, 20H, Hd, 8H, Hj, 6H, Ho), 1.59 (dd, 2H, 
Hc, 2H, He, 2H, Hi, 2H, Hp), 1.97 (s, 2H, Hk, 2H, Hn), 2.31 (dd, 2H, Hb, 2H, Hh) 4.07 (q, 2H, 
Hf, 2H, Hr), 5.38 (ddd, 1H, Hl, 1H, Hm) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 25.05-34.46 (Cb-e, Ch-k, Cn-p), 64.59 (Cf, Cr), 130.20 (Cl), 
130.50 (Cm), 174.43 (Ca, Cg) ppm. 
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Scheme 6. Structure of poly(PDL-co-Am) with letters for NMR assignment. 
 
Poly(PDL-co-cEA). PDL (1.11g, 4.60 mmol ), cEA ( 0.52 g, 2.30 mmol
 
), 3-phenyl-propanol 
( 18.75 mg, 0.13 mmol
 
), toluene ( 2 mL ) and dry Novozyme 435 ( 170.00 mg, 1/10 wt/wt of 
substrate ) were stirred at 70 ˚C, under N2 for 72 hours. The reaction was terminated by 
adding excess of cold chloroform and removing the enzyme by filtration. The filtrate was 
added slowly in cold methanol and the precipitate was separated by filtration and was dried in 
vacuo up to a constant weight. The resulting copolymer was analyzed by 1H NMR 
spectroscopy (Scheme 7). 
1H NMR (300 MHz, CDCl3-d): δ = 1.31 (d, 20H, Hd, 2H, Ho, 2H, Hp), 1.44-1.55 (m, 2H, Hn, 
2H, Hr), 1.62 (dd, 2H, Hc, 2H, He, 2H, Hi, 2H, Hj), 2.19 (s, 2H, Hk), 2.24-2.34 (m, 2H, Hb, 2H, 
Hh) 3.23 (dd, 2H, Hm), 4.07 (dd, 2H, Hf, 1H, Hs) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 25.03-36.28 (Cb-e, Ch-k, Cn-r), 39.37 (Cm), 64.40 (Cf, Cs), 
172.62-174.02 (Ca, Cg, Cl) ppm. 
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Scheme 7. Structure of poly(PDL-co-cEA) with letters for NMR assignment. 
 
AmE. Am (7.00 g, 27.70 mmol) was dissolved in methylene chloride (100 mL). After 
addition of 3-chloroperoxy-benzoic acid (5.03 g, 29.16 mmol), the solution was stirred for 
24h at 25 °C. 3-Chlorobenzoic acid was removed by filtration and the solution was washed 
with 10 wt.% aq. solution of Na2CO3 and H2O. The organic phase was dried over Na2CO3 and 
the solvent was removed by distillation (~20 mbar, 40 °C). (Yield: 92 %). The product was 
analyzed by 1H and 13C NMR spectroscopy (Scheme 8). 
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1H NMR (300 MHz, CDCl3-d): δ = 1.24-2.13 (m, 12H, Hc, 10H, Hf), 2.25-2.41 (m, 2H, Hb), 
2.55-2.64 (m, 1H, Hd), 2.64-2.72 (m, 1H, He) 4.14 (p, 2H, Hg) ppm. 
13C NMR (75 MHz, CDCl3-d): δ = 25.36-31.53 (Cc, Cf), 34.78 (Cb), 58.83 (Cd), 59.01 (Ce), 
63.82 (Cg), 173.71 (Ca) ppm. 
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Scheme 8. Structure of AmE with letters for NMR assignment. 
 
Measurements 
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 
300 MHz and 75 MHz, respectively. Chloroform-d (CDCl3), was used as solvent and 
tetramethylsilane (TMS) served as the internal standard.                                  
Size exclusion chromatography (SEC) analyses with tetrahydrofuran (THF) as the eluent were 
carried out using a high pressure liquid chromatography pump (PL-LC 1120 HPLC) and a 
refractive index detector (ERC-7515A) at 35°C. The eluting solvent was THF with 250 mg/L 
2,6-di-tert-butyl-4-methylphenol (Aldrich) and a flow rate of 1.0 mL/min. Four columns with 
MZ-DVB gel were applied: length of each column 300 mm, diameter 8 mm, diameter of the 
gel particles 5 µm, nominal pore widths 50, 100, 1000, 10000 Å. Calibration was achieved 
using poly(methyl methacrylate) (PMMA) standards.  
GC analysis were perform with an Ivadex 7 column (L = 25 m), at 110°C isotherm. 
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5.3 Results and Discussion 
Due to the large number of methylene units in the backbone of poly(pentadecalactone), this 
polyester is highly crystalline with a melting point (Tm) around 100 °C, a melting enthalpy 
(∆Hm) of 125 J/g and a glass transition temperature (Tg) of -27 °C. It also shows good 
thermal stability; with the maximum weight loss centered at 425 °C according to 
thermogravimetric analysis (TGA).20 These properties combined with biocompatibility makes 
PPDL a perfect candidate for the preparation of nondegradable implants. The range of 
applications can be broadened significantly by tuning the degradation of the PPDL via 
copolymerization with CL and γ-acyloxy-ε-caprolactones and by introducing different 
functionalities in the main chain such as double bonds, epoxide or amide groups. 
5.3.1. Tailor made pentadecalactone based polyesters 
By integration of functional pendant groups, as acid generators, into biodegradable polyesters, 
different properties such as crystallinity and degradability can be tailored. In order to decrease 
the crystallinity, respectively to enhance the degradability of PPDL, PDL was copolymerized 
with several γ-acyloxy-ε-caprolactone monomers such AcetCL, AcrCL, McrCL and BenzCL 
(Scheme 9). Moreover, functional groups containing double bonds (acryloyloxy and 
methacryloyloxy) open up the possibility for post-polymerization modification, e.g. 
crosslinking.  
 
Scheme 9. Copolymerization of PDL with γ-acyloxy-ε-caprolactone monomers. 
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All reactions were performed using Candida antarctica lipase B (CALB) as catalyst. It was 
expected that enzymatically catalyzed ring-opening polymerization occurs enantioselectively 
leading to an isotactic polymer as was shown for γ-methyl-ε-caprolactone.27  
The enzymatic polymerizations were carried out in toluene as solvent at 70 °C for 24h with a 
monomer to initiator ratio of [M]/[I] = 50. 3-Phenyl-propanol was used as initiator and 
immobilized lipase B from Candida antarctica (Novozyme 435) as catalyst. As is shown in 
Table 1, the colymerization is monomer specific. By using AcetCL and AcrCL as 
comonomers, no copolymers were obtained; the result of the copolymerization was PPDL and 
γ-acetyloxyethyl-γ-butyrolactone resp. γ-acryloyloxyethyl-γ-butyrolactone he rearrangement 
products of AcetCL and AcrCL. Using McrCL and BenzCL as comonomers random 
copolyesters were obtained and no rearrangement was observed. It has been proven that 
structural differences of the acyl function cause these different reaction pathways.  
 
Table 1. Analytical data for poly(PDL-co-γ-acyloxy-ε-caprolactones). 
M1  M2  M1/M2a  Mn th.b  
SECc  Yield  
%  
NMR  
M1/M2d  Mn  Mw  PDI  
PDL  AcetCL  75/25  11200  PPDL; Mon 2 = Rearrangement  -  -  
PDL  AcrCL  75/25  11300  PPDL; Mon 2 = Rearrangement -  -  
PDL  McrCL  75/25  11500  6600  11000  1.66  70  85/15  
PDL  BenzCL  75/25  12000  10200  20800  2.03  92  78/22  
a
 Mole ratio of the two monomers in the feed (%); b Theoretical molecular weight; c Molecular weight and 
polydispersity index as determined by means of size exclusion chromatography (SEC) in THF at 35 °C using 
PMMA standards; d Mole ratio of the repeating units in the copolymer determined by 1H NMR (%). 
 
The mechanistic interpretation of enzymatic polymerization of γ-acyloxy-ε-caprolactones 
using Novozyme 435 as catalyst was described and explained in Ref. 14. Thus, if the lipase 
preferentially reacts with the exo-cyclic ester group, rearrangement is observed leading to the 
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formation of a substituted γ-butyrolactone. If the lipase reacts preferentially or exclusively 
with the endo-cyclic ester group, via transacylation the enzyme activated monomer is formed 
which is a prerequisite for copolymerization.  
The most successful way to introduce functional pendant groups along the PPDL backbone 
was by using BenzCL as comonomer. Poly(PDL-co-BenzCL) was isolated in high yield with 
a molecular weight of Mw = 20800 (determined by SEC) and a mole ratio of repeating units in 
good agreement with the expected values. 
The enantioselectivity of the enzymatic copolymerization was also investigated. Gas 
chromatographic analysis using chiral columns revealed that for the copolymerization of PDL 
and BenzCL an enantiomeric excess of 63/37 of one of the enantiomers was observed in the 
unreacted monomer mixture (monomer conversion of ca. 50%). In case of the 
copolymerization of PDL with McrCL no enantioselectivity was observed.  
Furthermore, the copolymerization of three monomers was performed in order to prepare new 
polyesters with a more complex microstructure. A macrocyclic ester (PDL) and two 7-
membered lactones (CL and BenzCL) were subjected to enzymatic copolymerization using 
Novozyme 435 as catalyst (Scheme 10).  
 
Scheme 10. Copolymerization of PDL with CL and BenzCL via enzymatic catalysis. 
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After 24 h reaction time at 70 °C using toluene as solvent, a nearly quantitative monomer 
conversion was achieved resulting in a copolymer with predetermined composition, molar 
mass, and a most probable distribution of the molar mass (Table 2). SEC analyses show a 
polydispersity index (PDI) of ca. 1.7, and a number average molecular weight in the expected 
range. 
 
Table 2. Analytical data for poly(PDL-co-CL-co-BenzCL). 
PDL/ CL/ BenzCLa 
molar ratio Mn th.
b
 
SECc PDL/ CL/ BenzCLd 
molar ratio Mn Mw PDI 
50/25/25 10300 9500 16400 1.71 55/27/18 
 
a
 In the feed; b Theoretical molecular weight; c Molecular weight and polydispersity index as determined by 
means of size exclusion chromatography (SEC) in THF at 35 °C using PMMA standards; d In the copolymer 
determined by 1H NMR. 
 
The microstructure of the copolymers was analyzed by means of 1H- and 13C- NMR 
spectroscopy. The 1H NMR spectrum of poly(PDL-co-CL-co-BenzCL) clearly proves the 
proposed structure (Figure 1). The resonance lines associated with the protons of each 
repeating unit are clearly observed. The ratio of the integrals of the resonance lines of all 
protons is as expected. 
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Figure 1. 1H NMR spectra of poly(PDL-co-CL-co-BenzCL). 
 
The 13C NMR spectrum of poly(PDL-co-CL-co-BenzCL) (Figure 2) shows nine different 
resonance signals for the carbonyl groups: the homo-diads (PDL-PDL and Benz-Benz) appear 
at the highest and lowest field while the homo-diad (CL-CL) and all the hetero-diads are 
assigned to the central signals.  
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Figure 2. Expanded 13C NMR spectrum of the carbonyl region of poly(PDL-co-CL-co-
BenzCL). 
 
The thermal properties of the copolymers of PDL with γ-acyloxy-ε-caprolactones were 
determined via DSC analysis (Table 3). Compared to PPDL which presents a Tm of 95.9 °C 
and a ∆Hm of 125.6 J/g, all three copolyesters show as expected a decrease of the melting 
temperature Tm and the melting enthalpy ∆Hm. These values decrease with the increase of the 
functional comonomer concentration. Poly(PDL-co-BenzCL) containing 22% BenzCL shows a 
lower Tm and ∆Hm values than poly(PDL-co-McrCL), containing 15% McrCL functional 
groups. Moreover, the copolymerization of PDL with CL and BenzCL leads to a copolyester 
with Tm = 66.6 °C and ∆Hm = 69 J/g proving that insertion of a comonomer is a versatile tool to tune 
the crystallinity of the PPDL homopolymer. 
 
Table 3. Thermal properties of copolyesters obtained via ROP of PDL with γ-acyloxy-ε-
caprolactones and ε-caprolactone. 
Polyesters 
(molar ratio of repeating units) Tm
 a
 [°C] ∆Hm a [J/g] 
Poly(PDL)21 95.9 125.6 
poly(PDL-co-McrCL) 
(85/15) 82.9 104.5 
poly(PDL-co-BenzCL) 
78/22 80.1 83.5 
poly(PDL-co-CL-co-BenzCL) 
(55/27/18) 66.6 69 
 
a
 Determined from the second heating run. 
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Figure 3 shows the DSC thermograms (both heating and cooling scans) illustrating the results 
for poly(PDL-co-γ-acyloxy-ε-caprolactone)s. Double peaks for the melting transition are a 
consequence of different crystallite sizes. 
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Figure 3. DSC thermograms statistical copolyesters: (poly(PDL-co-McrCL); poly(PDL-co-
CL-co-BenzCL) and poly(PDL-co-BenzCL)); (A) the termograms are based on the second 
heating scan at a scan rate of 10 °C/min; (B) the termograms are based on the cooling scan at 
a scan rate of 10 °C/min. 
 
5.3.2. Tailor made pentadecalactone based polyesters with functional groups  
Our second approach to tailor the properties of PPDL was by copolymerization of PDL with 
functional macrolactones. We aimed to introduce along the PPDL backbone functionalities 
such as double bonds, epoxide groups and amide groups. The commercially available 
fragrance ambrettolide, an unsaturated macrolactone, under enzymatic polymerization 
conditions leads to the formation of a homopolymer containing double bonds in the backbone. 
Moreover, ambrettolide is an interesting starting material for the synthesis of functional 
monomers, as for example its epoxide, that can be used in enzymatic polymerization 
reactions. The preparation of polyesters bearing epoxide groups can be achieved, using 
ambrettolide as starting material, on two different routes (Scheme 11).  
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Scheme 11. Synthesis of poly(AmE)via route a resp. route b: (i) Polymerization using 
Novozyme 435 as catalyst and 3-phenyl-1-propanol as initiator; (ii) Baeyer-Villiger oxidation 
using mCPBA. 
 
In the first approach Am was subjected to enzymatic polymerization using Novozyme as 
catalyst, 3-phenyl-1-propanol as initiator and toluene as organic solvent. Then, Baeyer-
Villiger oxidation of the unsaturated double bonds of P(Am) was performed using mCPBA 
leading to the formation of poly(AmE) (Scheme 11, route a). Comparative 1H NMR analysis 
on poly(Am) and poly(AmE) clearly prove the successful transformation of the unsaturated 
double bonds into the epoxide ring during the Baeyer-Villiger oxidation. As can be observed 
in Figure 4, the signals assigned to -CH=CH- protons from poly(Am) are shifted to higher 
field for the epoxide in poly(AmE).  
Another pathway consists in preparation of a macrolactone monomer AmE containing the 
epoxy functional group by Baeyer-Villiger oxidation of Am, followed by the enzymatic 
polymerization (Scheme 11, route b). Poly(AmE) was isolated by precipitation in methanol. 
1H NMR analysis showed the presence of the epoxide groups in the polymer backbone as 
expected. 
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Figure 4. Comparative 1H NMR spectra of poly(Am) and poly(AmE). 
 
In table 4 were summarized the Mn values of poly(Am) and poly(AmE) homopolymers, 
determined by means of 1H NMR and SEC. While the Mn values of both polymers determined 
by the end group analysis are in the expected range with the theoretically predicted ones, the 
Mn values determined by SEC are much higher. 
 
Table 4. Molecular weights and molecular weight distributions of poly(Am) and poly(AmE). 
Polymer Mn th.a Mn NMRb 
SECc 
Mn Mw PDI 
Poly(Am) 7500 8300 20300 31000 1.52 
Poly(AmE)* 8000 6700 13000 28000 2.14 
a
 Theoretical molecular weight; b Molecular weight determined by 1H NMR; c Molecular weight and 
polydispersity index as determined by means of size exclusion chromatography (SEC) in THF at 35 °C using 
PMMA standards. * Poly(AmE) was obtained by Baeyer-Villiger oxidation of poly(Am). 
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The copolymerization of PDL with Am was performed via enzymatic catalysis and results in 
the formation of the unsaturated copolyester poly(PDL-co-Am). After 24 h reaction time in 
the presence of Novozyme 435 as catalyst and 3-phenyl-1-propanol as initiator, both 
monomers were fully converted. The molar ratio of the repeating unit in the copolymer is 
similar with the molar ratio of the two monomers in the feed (Table 5). It can be observed 
also, that the molecular weight determined by 1H NMR is in good agreement with the 
calculated one. The presence of the main chain double bonds suggests that the copolyester can 
be crosslinked in the solid state. Thus crosslinking was achieved, as has been reported in Ref. 
21, by using dicumyl peroxide, a very reactive thermal curing agent. 
 
Table 5. Analytical data for poly(PDL-co-Am) and poly(PDL-co-cEA). 
Time(h) M 1 M 2 M1/M2a Mn th.b Mn  NMRc NMR M1/M2d 
24 PDL Am 50/50 12300 8200 50/50 
24 PDL cEA 66/33 11500 6500 75/25 
72 PDL cEA 66/33 11500 6300 66/33 
 
a
 Mole ratio of the two monomers in the feed (%); b Theoretical molecular weight; c Molecular weight 
determined by 1H NMR;  d Mole ratio of the repeating units in the copolymer determined by 1H NMR (%). 
 
In order to prepare PDL based copolymers with epoxide functional groups, poly(PDL-co-Am) 
was subjected to Baeyer-Villiger oxidation using mCPBA as oxidizing agent. Further reaction 
of the epoxide groups in the copolyester poly(PDL-co-AmE) with alcohols, catalysed by 
Sc(OTf)3 or BF3Et2O, with amines or hydrogenation on Pd/C catalyst was not successful up to 
now. The epoxide ring obviously is too unreactive under these conditions, indicating that 
post-functionalization of the copolyester with epoxide rings along the main chain is less 
straightforward as expected. 
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Copolymerization of PDL with a macrocyclic ester amide (cEA) results in an aliphatic 
copolyester with amide functionality in the backbone (Scheme 12). cEA is a 14-membered 
lactone prepared from adipic anhydride and 1-amino-6-hexanol; it was thoroughly purified by 
sublimation at 170 °C.26  
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Scheme 12. Synthesis of poly(PDL-co-cEA) via enzymatic catalysis. 
 
In table 5 the experimental data of the copolymerization reaction were summarized. After 24 
h the molar ratio of the repeating units did not correspond to the molar ratio of the two 
monomers in the feed showing that not all the cEA was converted and leading to the 
conclusion that cEA polymerize slower than PDL. However, after 72 h quantitative 
conversion of cEA was achieved, the molar ratio of the repeating units corresponds with the 
molar ratio in the feed. 
DSC measurements performed on the (co)polyesters derived from functional macrolactones 
and PDL are summarized in table 6. The functional macrolactone homopolymers as well as 
their copolymers with PDL exhibit lower crystalinity than PPDL. Poly(Am) with a C,C-
double bonds in the main chain shows the lowest Tm and the copolymerization of Am with 
PDL leads to a copolyester with a Tm of 72.5 °C which is the lowest melting temperature 
among all three studied copolymers. Introducing functional groups along the PPDL backbone 
proves that the crystallinity and the melting temperature of PPDL can be tailored as function 
of type of functionality involved. 
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Table 6. Thermal properties of (co)polyesters obtained via ROP of macrolactones. 
Polyesters 
(molar ratio of repeating units) Tm
 a
 [°C] ∆H a [J/g] 
Poly(PDL)21 95.9 125.6 
poly(Am) 54.2 94.4 
poly(AmE) 72.5 80.2 
Poly(cEA)26 140.0 53.6 
poly(PDL-co-Am) 
50/50 72.5 91.4 
poly(PDL-co-AmE) 
50/50 78.4 90.9 
poly(PDL-co-cEA) 
66/33 80.3 88.8 
 
a
 Determined from the second heating run. 
 
Figure 5 shows the DSC thermograms (both heating and cooling scans) illustrating the results 
for (co)polyesters derived from ROP of different macrolactones.. 
-50 0 50 100 150 200
0
2
4
dH
/d
t
Temperature (°C)
 poly(Am)
 poly(PDL-co-cEA)
 poly(PDL-co-AmE)
 poly(PDL-co-Am)
 poly(AmE)
 
 
exo
(A)
-50 0 50 100 150 200
-2
0
2
dH
/d
t
Temperature (°C)
 poly(Am)
 poly(PDL-co-cEA)
 poly(PDL-co-AmE)
 poly(PDL-co-Am)
 poly(AmE)
(B)
 
 
endo
 
Figure 5. DSC thermograms of polyesters (poly(Am) and poly(AmE)) and statistical 
copolyesters (poly(PDL-co-cEA); poly(PDL-co-AmE) and poly(PDL-co-Am)); (A) second 
heating scan at a scan rate of 10 °C/min; (B) first cooling scan at a scan rate of 10 °C/min. 
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5.4 Conclusions  
Copolyesters of PDL with McrCL and BenzCL were prepared by means of enzymatic 
copolymerization using Novozyme 435 as catalyst and characterized successfully. With 
AcetCL and AcrCL as comonomers for PDL enzymatic copolymerization failed. Under 
polymerization conditions AcetCL and AcrCL rearrange into the thermodynamically more 
stable butyrolactones. An enantiomeric excess of BenzCL and not of  McrCL was found in 
the corresponding copolymer (poly(PDL-co-BenzCL)). Copolymerization of PDL with two 7- 
membered lactones (CL and BenzCL) leads to nearly quantitative monomer conversion 
affording PDL based polyesters which are expected to show an enhanced degradability. DSC 
results prove clearly that by attaching functional caprolactone units along the PPDL 
backbone, the crystallinity of PPDL decreases. 
PDL based copolymers with main chain double bonds (poly(PDL-co-Am)), epoxide groups 
(poly(PDL-co-AmE)) and amide functional groups in the backbone (poly(PDL-co-cEA)) were 
isolated in good yield and were characterized successfully. Up to now further derivatization 
has not yet been possible for poly(PDL-co-AmE) due to the stability of the epoxide rings. The 
presence of these functional groups in the PPDL backbone allows to tune the composition and 
consequently the properties of PPDL by lowering its crystallinity. The degradation of 
functional PPDL will be investigated and the results will be presented in an upcoming report.  
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